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NOTICES 

••When U.8t Government drawings, specifications, or other data are used 
for any purpose other than a definitely related government procurement operation, 
the Government thereby incurs no responsibility nor any obligation whatsoever, 
and the fact that the Government may have formulated, furnished, or in any way 
supplied the said drawings, specifications or other data, is not to be regarded by 
implication or otherwise, or in any manner licensing the ) older or any other person 
or corporation, or conveying any rights or permission to manufacture use, or sell 
any patented invention that may in any way be related thereto. M • 

FOREWORD 

IMs report was submitted by Ultrasystems, Inc., Environmental and Applied 
Sciences Division, 2400 Michelson Drive, Irvine, California 92664, under Contract 
No. F04611-73-C-0G38, Job Order No. 305909LZ with the Air Force Rocket Propul- 
sion Laboratory, Edwards, CA 93523. 

This report consists of three volumes.   Volume I describes a computer 
program for the prediction of Solid Propellant Rocket Motor Performance.   Tne com- 
puter program described herein will be referred to as the SPP program, and describes 
the engineering analysis which was used in developing this computer program and 
the results obtained to date. 

Volume II of this report is a programming document of the computer program 
which was developed under this contract.   It Includes a subroutine-by-subroutine 
description of all of the elements of the SPP program. 

Volume III of "his report is a Program User's Manual ^vhlch describes the 
input necessary to execute the SPP computer program and the Information required 
to Interpret the output.   A sample case is also Included. 

This report has been reviewed by the Information Offlce/DOZ and is re- 
leasable to the National Technical Information Service (NTIS).   At NTIS It wllJ be 
available to the general public, including foreign nations. 
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computed as a series of independent efficiencies«   The program currently treats 
the following losses: two-dimensional/two-phase (coupled), nozzle erosion, 
kinetics, boundary layer, combustion efficiency, submergence.   The program 
predicts average delivered performance, as well as mass flow, pressure, thrust, 
impulse, and specific impulse as functions of tune and trajectory. 

In order to assess the validity of the SPP program, calculated results were com- 
pared to firing data for four different types of motors.  ^Vhile conclusive state- 
ments regarding the accuracy and range of validity of the SPP program cannot be 
made until additional verification efforts are conducted, the results of these four 
test cases were encouraging.   These calculations also served to demonstrate 
the desirability of eliminating some of the present limitations of the program. 

* u 

■TT 

H UNCLASSIFIED 
MCVWTV CLAttirieAf to« o? **» p**&m*m &•» 

A 



PREFACE 

This is Volume III of a three-part manual which describes a computer pro- 
gram for the prediction of Solid Propellant Rocket Motor Performance. The com- 
puter program described herein will be referred to as the SPP program. 

Volume I of this report describes the engineering analysis which was used 
in developing thit computer program. 

Volume II of this report is a programming document of the computer program 
which was developed under this contract.  It includes a subroutine-by-subroutine 
description of all of the elements of the SPP program. 

Volume III of this report is a Program User's Manual which describes the 
input necessary to 3xecute the SPP computer program and the information required 
to interpret the output.  A sample case is also included. 
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1.      METHOD OF APPROACH 

The goal of the present effort was to develop a computerized analysis tech- 
nique that could predict delivered specific impulse to within ±2%, and delivered 
thrust coefficient and total impulse to within +5%,   The method of approach used 
in the development of the Solid Rocket Performance Program (SPP) stressed modu- 
larity and flexibility.   The program was designed so that the various elements 
which comprise the total performance prediction methodology could be utilized as 
an integrated set, individually, or in any user determined combination.   In most 
cases both analytical and empirical methods have been incorporated into the pro- 
gram to account for the phenomena which causes motor performance to deviate j 
from a specified "ideal."  The user, depending on his needs, can select either method. The j 

option Is phenomena oriented, so some effects may be treated empirically (simple, ] 
short computation time) while others can be evaluated analytically (more calcula- 
tion time, greater accuracy and generality). 

Toe program has been structured in a modular fashion to allow future im- 
provements and modifications to be easily incorporated«   The program modules 
(with the exception ox the master control module) arc pre-existing computer 
programs which have been adapted for the present purpose.   The following pre- 
existing programs were used as the basis for the SPP program: 

One Dimensional Equilibrium Program (ODEr A 

/ <> ) 
One Dimensional Kinetics Program (ODKT * 
Two Dimensional Ttoo Phase Program (TD2Pr * 
Turbulent Boundary Layer Program (TBI«r 
Three Dlmen&tonal Gram Design Program (64201 ) 
Mctor Ballistic« Program (637 r ° * 

These programs have boen combined with a control moduic» which permits them to 
be run together automatically.   The extensive use of interne! communication be- 
tween modules has just about eliminated the need for redundant Inputs by the 
user, 

T>e next two subsections will define tho "losses* which have been con- 
sidered and the marunr in which delivered performance is calculated.   The balance 
of the section briefly Sescrlbes the various modules, what they do, how they do 
it, and their inter-relationships. 

1-1 
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1.1       Termlnoloc y and Definition of Losses 

The basic method of approach used in the development of the SPP computer 
program is to calculate the maximum or ideal 'theoretical* performance of a rocket 
motor und to subtract from that maximum performance the individual losses or de- 
viations from the "theoretical" performance which ere known to occur in a real 
rocket motor.   This -ncchod of approach is neither new to the field of rocket per- 
formance prediction or engineering analysis in general.   It is, however, founded 
on our understanding of the basic physical processes Involved in a real rocket 
motor and the interrelation of these processes with each other. 

The basic assumption involved in this type of approach is that certain "losses' 
can be treated as essentially independent from the other losses which occur in 
the rocket motor.   As noted in Section 1.2, all of the losses should not be treated 
independently.   There are some Interactions strong enough to warrant considera- 
tion,   With these exceptions in mind, the concept of treating the losses indepen- 
dently appears to be villd, considering  the success of this approach and others 
of a similar nature. 

The term "loss" as used here is really a misnomer, since it is used to 
describe a known physical mechanism or phenomena which causes the performance 
of a "real" solid rocket motor to be less than the so-calied "theoretical" perfor- 
mance.   In the same sense the terminology "theoietlcal," or "ideal," is also a 
misnomer, because tht whele methodology Incorporated Serbin is based on our 
theoretical understanding of the processes which are prc^r: * in real rocket motors. 
However, this terminology has gained wide spread acceptance in the engineering 
community and will be used in this report. 

In order to further define the* terminology used here the following defini- 
tions will I* used: 

• Performance - unk ;*s otherwise specified, performance 
will be in terms of specific impulse, I    , 
delivered to a vacuum, p 

•IhuoretlcJl I - tho maximum possible IiD which can be de- 
p llvered »it the Initial area ratio by a propel- 

lant at a given chamber pressure and total 
enthalpy.   Referred to as Isp   . 

# Loii - the decrement from the theoretical I8p which 
can be attributed to a physical phenomena 
not included in the calculation of I8p   • 
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• Two phase tiow loss 

•Two dimensional or 
divergence less 

•Finite Rate Kinetics 
loss 

•Boundary Layer Loss 

•Combustion Efficiency - 

•Submergence Loss 

•Erosion Loss 

•Delivered Performance - 

the decrement in performance due to finite 
velocity and temperature differences be- 
tween the gas and condensed phase* 
the decrement in performance which is due 
to the momentum of the rocket exhaust not 
being totally aligned with the axis of the 
motor, 
the decrement in performance which is due 
to incomplete transfer of latent heat to sen- 
sible heat caused by the füllte time required 
for gas phase chemical reactions to occur* 
the decrement in performance due to viscous 
forces adjacent to the nozzle wall ami heat 
transfer to the nozzle wall.   • 
as used here, the term combustion efficiency 
will refer only to the degradation of ISp due 
to a departure of chamber total temperature 
from the theoretically calculated total temper- 
ature. 
the decrement in performance due to propel- 
lent grain extending pass the nozzle inlet* 
the decrement in performance due to the ero- 
sion of the nozzle throat*  This loss encom- 
passes both area ntio effects (considered 
only in the TD2P module) and throat roughness 
effects (not considered in the present analysis) 

the calculated performance of the rocket 
motor which includes all of the losses con- 
sidered herein* 

With our terminology now defined, we can now describe the rational and 
methods used by the SPP computer program to calculate the delivered performance 
of a solid rocket motor* 

1*1*1   Calculation of Del ivered Performance 

Within the framework already discussed (i*e*, separation of individual 
losses), there are tn*ee basic methods which can be used to calculate delivered 

V The first method is to calculate discrete decrements In performance, *>! 
and to subtract thes«s losses from the theoretical specific impulse, I 
That is 

sp* 

"V 

!spD' 
Xsp th 

-Etf rp loss 
(1-1) 
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The second method is to calculate a series of efficiencies, n's, to be applied 
multiplicative!y, i.e. 

Both of the above methods are the same through first order, thus, if the losses 
are small they yield the same result. 

The third method was selected by the JANNAF Committee on Performance 
Standardization for liquid rocket engines and Is a combination of the first two 
methods.  That is, ill of the losses except the boundary layer loss are treated as 
efflclences while tht? boundary layer loss is treated as a decrement.  Hence, 

spD    8pth      loss       spBL 

This latter method of approach was selected for Incorporation In the SPP code for 
two reasons.  The first reason being that there was no compelling reason to de- 
viate from what has been established as a -standardized** method In the industry, 
and secondly, that any other combination of the above methods yields substantially 
the same end result. 

The main p-colem associated with the separation technique is, of course, 
the selection of a tase or reference value of performance to compere against the 
model which Incorporates the loss.  Ideally, this reference calculation should be 
made by the same computer code which Is selected to sake the loss calculation 
since this would minimize deviations due to numerical techniques, truncation and 
roundoff errors.   However, as is generally the case, su"'i an approach Is not 
practical.   For examoie, both the equations for the two      *d flow and chemical 
kinetics losses become "stiff1* in the equilibrium limit       result In unacctptably 
long and difficult calculation*»! procedures.  Even if sophisticated numerical tech- 
niques are used to calculate the "near" equilibrium case, extrapolation to the full 
equilibrium solution introduces errors which negate any advantage gained by using 
the same computer code.  Hence, the following criteria was adopted in ^iculatlng 
the reference performance for each of the losses (except tie boundary layer loss 
which Is calculated directly). 

The reference method should be the most exact method of cal- 
culation available.  The conceptual differences between the 
reference anrf oss models should Include only those mechan- 
isms which zause the loss. 

1-4 



TABLE I-I INTERACTION OF PHYSICAL PHENOMENA WITH 

PERFORMANCE LOSS CALCULATIONS 

Legend: 
1 f   Primary Importance (couM b« > 0.2 * effect on 2   ) 
2. Secondary Importance (probably < 0.2% effect on I   ) 
3. Generally Not Important 
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Table 1-1 (fiom Ref. 9 ), shows the interaction of the physical phenomena 
considered here with each of the performance losses.   The table should be read 
down and then to the left.   For example, the main interaction between the diver- 
gence loss and the various physical phenomena Is that associated with multi- 
phased flow, while the boundary layer loss Is chiefly affected by the nature of 
the specified boundary layer edge conditions, (i.e., from a one or two-dimensional 
flow field calculation).   Table 1-2 is a condensation of Table 1-1, and Indicates 
only those cross coupling effects that were deemed strong enough to warrant con- 
sideration. 

Table 1 -2  Cross Coupling of Performance Losses 

Loss Mechanism Cross Coupling 

Finite Rate Chemistry 'Kinetics) 
Divergence Loss 
Two Phase Flow 

l]  Boundary Layer Loss 
Combustion Efficiency Loss 

none 
Two Phase Flow 

none 
Non One-Dlmenslonal Flow 

none                      | 

Table 1-2 shows that while the kinetics, two phase flow and combustion 
efficiency losses can be treated independently, the divergence and boundary layer 
losses are coupled to non-one-dlmensional and two phase f*nw phenomena, re- 
spectively.   Hence, it was decided that the best course of action to take In the 
SPP code was to couple the two ph?se flow and divergence losses together and to 
u 3 the results of that calculation to obtain the edge conditions for the boundary 
layer calculation. 

With the above in mind, the following sub-sections describe the basic modules 
and assumptions used ?n the SPP code. 

1.2       Master Control Module (MC) 

The master control module (MC) controls the execution of the SPP computer 
code.   The MC module selects, via user input, which of the five basic calculation 
modules (0DE, BAL, 01>&, TD2P, and TBL) are to be executed, and whether calcu- 
lated, Input, or empirical, losses are to be selected for the calculation of delivered 
specific Impulse, thrust, and total impulse. 
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This module handles or specifies all of the linkare communications bet- 
ween modules.   The MC module selects which parameters (either calculated or 
input) are transmitted from one module to another arid tries to determine the best 
overall delivered performance consistant with the input to the SPP computer pro- 
gram. 

Figure 1-1 shows the basic input and output of the MC module, while Table 
1-3 shows the variables used to calculate delivered thrust, I    , and total impulse 
and indicates the module in which each is calculated. 

Table 1-3 Variables Used for Performance 
Prediction by the MC Module 

Module Variable 

0DE/One Dimensional Equilibrium 

BAL/Graln Desigi and Ballistics 
Ispth.' ^REQ' C 

K. m, r*. L*, !jc# as functions of t 

QHDK/One Dimensional Kinetics loss Isw€ 

TDZP/Two Dimensional Two Phase flow loss Ispn>2p'lTD2P as funct!ons of yand CD 
TBL/Turbulent Boundary Layer loss 

^TBL 

The vacuum delivered specific impulse is calculated as in equation 1-3 
and is written in full here. 

I spD
Ä lspth ^KIN * r'TD2V ' ^Cf: * *SOT " *l*PTBl 

C'4) 

The theoretical    specific impulse, I        , i$ ra^c1 on the initial nozrlc 

exit area ratio.   If a motor experiences throat r osUon during the course of a firing 
the nozzle exit area ratio, and heive, the r.rvcific impulse, varies with time. 
This gives rise 10 an additional loss mechanism; one which was only mentioned 
but not discussed In Section 1.1.   The performance decrement associated with this 
phenomena is usuaLy called the erosion loss.   While this loss can be estimated 
based on one -dimensional calculations, it was felt that a two-dimensional esti- 

mate of this effect wculd be superior.   Thas. for eroding nozzles, ^mj? in oc*ua~ 
tlon (1-4) is modified as follows: 

i?XD2P " *TD2P T7- 1771 (1-5) 
spT. D2P i' 
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where 
— -    o 
^TD2P 

W (cW>dt 

V'o 
When defined In this way Vy^P lncludes the "erosion" loss in addition to 

the coupled two-phase and divergence losses«   The erosion loss, as defined here- 

in, is equal to the ratio of the 2-D, 2-phase I     at the time averaged expansion sp 
ratio, I (?),   o the specific impulse evaluated at the initial expansion ratio, 

spTD2P 
spTD2P ^ci^   future modifications to the program should break the erosion loss 

out as a separate efficiency.) 

The combustion efficiency, »yCE, is defined as follows: 

^CE"CD ' *C* U~6) 

or 
TJCE * UO, if the previous relation yields a value 

greater than unity. 

This definition prevents the mass flow effect related to the nozzle discharqe coefficient, 

Cp, from being coun+cd twice since it is an intogral p-.rt of the 2D-2 phase loss.   Ir* 

the empirical performance prediction procedure nCE is taken to be equal to n *.   The 

empirical determination of c* efficiency is discussed in Volume 1 of this report. 

The loss due to finite rate chemical kinetics is treated as an efficiency 

factor, TJJQJ^.   The Klretic efficiency is calculated zc the idtis of an I     calcula- 

ted by the ODK module, to ^n I     calculated by ,i specie] option in thr ODE module, sp 
This special ODE option, referred to as the "Restricted Equilibrium" option causes 

the ODE program to compute an I     based on thr more restrictive physical assump- sp 
tiuns employed in the ODK calculation,   This procedure is necessary if carter. 

losses arc not to be counted twice.   The iforcmcr.tioned assumptions are describ- 

ed In Section US, 

The submergence efficiency, ijgno* ^* rased on an empirical corrclatkw. *nc 

is a function of the throat radius, mass faction of condensed phase, length of si-b- 

merg^nce to length of the internal motor, and chamber pressure.   This correlation 

is discussed in more detail in Volume 1 of this report. 

1-9 



The decrement in performance due to the formation of a turbulent boundary 
layer In the motor nozzle is transmitted directly to the MC module and is reported 
as a function of area ratio.   The decrement in I     is taken :o be the value corres- 

sp 
ponding to the last (i.e. the maximum) area ratio input by the user.   This decrement 
is assumed to be independent of erosion induced area ratio changes (it is more 
a function of the wettad length of the nozzle) and throat roughness. 

The equations used to calculate the "theoretical" performance losses, and 
the formulas used in the "empirical", or simplified, performance calculations are 
presented in Volume I and Volume II. 

1.3 Theoretical I     Module (0DE) sp 
The theoretical I     module (ODE) is an outgrowth of the NASA Lewis chemical sp 

equilibrium computer program described in NASA SP-273 (Reference 1) and In the 
JANNAT standard TDK computer program manual (Reference 2 )• 

This module calculates the theoretical, or maximum, I     which can be de- sp 
livered by a propellant at a given area ratio.   The ODE module uses a free energy 

minimization technique along with the following assumption« to calculate the 
vacuum I    . sp 

One dimensional flow 
Thermal and velocity equilibrium of the condensed phase with the gas 
phase flow 

This version o* the ODE program has also been modified to calculate the 
transport properties needed by the ballistics (BAL) module, two phase flow loss 
(TD2P) module, and the boundary layer loss (TBL) module. 

In addition, the program has been modified to calculate the reference con- 
dition for the loss in performance due to unite rate chemical kinetics.   This option 
is referred to as the "restricted equilibrium'1 option and is discussed in more de- 

tail in section 1.5. 

Figure 1-2 illustrates the major functions of the ODE module as well as 
the inputs and outputs of the module. 

1.4 Grain Design and Ballistics Module 

When utilized as part of the overall performance prediction methodology 
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the purpose of the Grain Design and Ballistics (GD&BC) module is to provide values 
of pressure, mass flow rate, throat radius, L*, and C* efficiency, as functions of 
time.   Time averaged values of these quantities are also computed and used in the 
other modules.   Flgtue 1-3 illustrates how the GD&BC module functions in this 
mode of operation.   Various thermodynamic and transport properties are internally 
transmitted to the GD&BC module from the ODE module.   Likewise, the nozzle 
geometry and ambient orcssure history are obtained from the Master Control module. 
The final thrust versus time output of the programs in this integrated mode of oper- 
ation are based on the GD&BC calculated chamber pressure and mass flow rate; the 

delivered I     is calculated from the combined results of the other modules, sp 

The GD&BC module can also be employed in a stand-alone mode. In this 
case, all of the parameters which would otherwise be supplied by the ODE and 
MC modules must be input directly into the Ballistics module.   The thrust versus 
time curve in this mode of operation is based on the calculated mass flow rate, 
an empirical C* efficiercv, and an Input value of nozzle (CJ efficiency. 

The essential features of the GD&BC module are: 
The Hercules Inc. 64101 grain geometry analysis program, omitting non- 
essential elements for considerable size reduction, and modified to be com- 
patible with the Lockheed Propulsion Company interior ballistics analysis 
program. 

An improved version of the Lockheed Propulsion Company 637 Interior ballis- 
tics analysis program. 
A correlation of C* efficiency. 
A correlation of nozzle throat erosica 

1.4.1     Gra in Geometry Program 

The Grain Design Program examines a grain in three dimensions and solves 
for the surface versus bum distance relationship.   The grains are not limited to 
families of grains such as star, slotted tube, ate., but will handle these and more 
complex grains.  A detailed users manual for the original Heicules 64101 program 

exists as Rof. (S).  The following extracts are essential portions for present purposes, 

1.4.1.1   Method of Approach 

The Grain Design Program simulates crafting techniques used in develop- 
ing the surface area versus bum distance curve of a solid propellent motor, given 
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L 

an arbitrary number of symmetrical angular sectors.   The program uses a right- 
handed orthogonal :oordlnate system in X, Y, Z where X Is the longitudinal axis 
passing along the center lire of the motor and the Y and Z axes pass from the center 
of the motor to the outer boundary. 

Three basic Input figures ar   used in various combinations to describe the 
Initial propellant geometry.   Thes' figures are: frustrum of a right circular cone« 
right triangular prism, and a sphere,  A union of the input figures Is performed by 
computing the Intersection of a line Y»C and each of the Inpuc figures.   The over- 
lapping points are eliminated and those left represent the propellant geometry at 
the particular X, Y and bum coordinate consistent with the symmetry of the pro- 
pellant. 

Each figure may be input as consisting of void or propellant, where the 
void is burning outward and the propellant is burning inward.   Since the burning 
is assumed normal to the surface and the surface area is equal to the derivative of 
the volume of the propellant with respect to the normal, the surface is computed 
as the derivative o* the volume of the propellant with respect to the burn distance. 
Volume can be computed as the integral of the propellent areas at each X station 
with respect to X, and propellant area can be expressed as the integral of the 
lengths across the propellant with respect to Y. 

1.4.1.2  General Description of the Sol at ion 

The basic majs balance equation 

m ■ s r ? (1-7) 

is the basis for the solution.   By eliminating time and density, equation (1-7) 
becomes 

s ■ dv/db -   y/\b (1-8) 

and from the mean value theorem s will occur srmewhero in the interval *b.  The 
half-way point was arbitrarily accepted. 

m ■ mass 
r « rate of b\*ro 
o * mass density 
s » burning surface area 
v * volume of propellant 
b ■ bum distance 
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In the solution for b versus s the piwain 

solution for a burning surface, but rather makes c 

propellant at each burn distance specified In thf 
between two consecutive burn distances, and div 

burn distances. Thus, the user should keep in nur 

to simulate the chenges In volume which will ex- : 
compute burning S'znace areas. 

-; not make any direct analytic 

ij.itions for the volume of 

■, r.-cords the change in volume 

:-y the difference in the two 
■>..":t he is preparing input 

i i the mot"*, not to directly 

1.4.1.3   Method o: Determining Volumes:   Confix 

The case Is assumed full of propellent in»t; 
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Spheres: 

Generally, the grain will be symmetric about the axis of the motor.   If 
there are symmetries In the grain they should be reflected in the Input In order to 
save work and computer time.   See Figure 1-4.   The symmetries are automatically 
accounted for in the whole motor. 

Figure 1-4: Sample symmetries:  (End views of motors) 

TWo 

Eicht 

sx-a.o 
& «45* 

SX-6.0 SX-3.0 
* ■ 120» 

SX- 2.0 
<*» 180* 

(Tie X axis is perpendicular to the paper) 
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1.4,2   Interior Ballistics 

The Interior Ballistics Program models the internal ballistics of solid rocket 
motors, including motor environmental effects on burning rate (erosion, radiation), 
effects of radial slots between segments on the port flow   port flow pressure drop, 
and delayed burning (ignition) in deep narrow slots.   Semi-empirical correlations 
for combustion inefficiency and nozzle throat eroston also are included.   This 
digital computer program was adapted from an existing model used to analyze nozzle- 
less solid rocket mo*ors*6 .   It was selected because it contains features lacking 
in many published internal ballistics programs.   The intent was to predict internal 
ballistics for motors ranging from small tactical motors, to large boosters, wherein 
aspects of all the aforementioned features are encountered.   The major effort in 
the present program development involved updating certain model expressions, and 
rendering the computational procedure compatible with the Grain Design 
Module and the balance of the SPP Program Modules. 

1.5       Finite Rate Chemical Kinetics Loss Module (QfPK) 

In most rocket riotors there Is a loss of performance due to the fact that 
a finite time Is required for chemical reactions to proceed to the maximum amount 
of sensible heat release.   Normally, this loss Is caust j by the Incomplete recom- 
bination In the rocket nozzle of the highly energetic species which are formed during 
combustion in the rocket motor. 

The 0DK module only considers the losses which are due to gas phase 
chemical kinetics«  Other losses which Include incomplete or partial solidification 
of condensed phases are ignored In the ODK module since adequate models of +hese 
processes have yet to be formulated.   The ODK modulo also assumes that the flow 
Is one dimensional, with the gas and condensed p^u^es in dynamic and thermal 
equilibrium with each other.   No transfer of mas« between ? is phase species and 
the condensed phase species are allowed.   The liquid phase, however, Is alloweU 
to undergo solidification when the gas temperature reaches the melting temperature 
of the condensed phase. 

In order to properly calculate the chemical klrctlc performance efficiency, 
*KIN' ° rftfawtc* equilibrium I    which Is baseo on the seme assumptions as ODK 
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should be used.   In ordsr to provide this reference value; the 0DE module was modi- 
fied to calculate a "restricted equilibrium" specific impulse I       •   This modifi- 

spRE 
cation to the ODE module allows the available gas phase species to remain In 
chemical equilibrium with themselves while restricting any mass transfer to the 
condensed phases.  Hence, the kinetic performance efficiency, which is defined as 

^"'»PODK^PRE 

would approach unity as the chemical kinetic reaction rate constants approach in- 
finity. 

Another advantage of the use of the restricted equilibrium option for computing 
kinetic efficiencies is that only tttermodynamically important species need be con- 
sidered in the ODK-!ft calculations.  Thus, trace species, and reactions involv- 
ing them, need not be included in this calculation. 

Figure 1-5 shows the basic input, output and assumptions used in the ODK 
module.  A comprehensive set ot reactions for alumlnlzed propellents is also in- 
cluded in the volume.   (See Table 2-13) Appendix A of Vol»ime I indicates how the 
reactions and species whero selected for alumlnUed propellents, 

1.6      Two Dimensional-Two Phase Loss Module (TD2P) 

Almost all rocket nozzle* of practical interest have a lo-i* in performance 
due to a nonaxial component of velocity at the nozzle exit piano.  This loss is 
usually referred to as a divergence, or two dimensional flow, loss. If the pro* 
pellant is metalized, there is an Additional loss when the particles carat*: main- 
tain a state of dynamic and thermal equilibrium with the gas flow.   This loss 
is referred to as the two phase flow loss. 

There are two d'stlnct <oupltng effects between the two di«a#»nsionel and 
two phase flow losses«  The first is that if the gas and con^msed phase are not 
in dynamic (velocity) equilibrium with each other then the gas and particle stream- 
lines are not coincident •  This can have a noticeable effect on the divergence 
loss.  The second coupling effect is on the mass flux through the nozzle.  It Is 
now well known that the mass flow through a nozzle for single phase two dimen- 
sional flow is less than the amount of mass flow that can be achieved at a given 
chamber pressure for an equivalent one dimensional nozzle flow.  This effect results In 
nozzle discharge coeiflclents being less thin unity.  However, it Is also well 
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known that in nonequlllbrlum two phase flow more mass flows through a nozzle 
at a given chamber pressure than would If the particles were in velocity and 
thermal equilibrium.   By itself,this effect would produce CD values greater than 
unity«   For most metallzed solid propellant motors the net result of these two op- 
posing effects is & discharge coefficient greater than unity.   If the combustion 
efficiency were 100% (complete combustion) the C* efficiency of the motor, n +, 
is given by 

Thus, in most cases, n^would be less than unity for metallzed propellants, and 
would always be greater than unity for non-metalized propellants*.   As a result of 
the relationship between t)c#nd Cp, the CD effect must be corrected out of the 
empirically obtained c* efficiency if one is to obtain a value for combustion 
efficiency which does not count this factor twice. 

The TD2P module is a modified version of the computer program developed 
by Kllegel and Nickerson (Ref. 3 ).   This module, which has been extensively 
modernized, calculates the losses which are usually the largest encountered in 
most solid rocket motors«  These losses are, the two phase flow loss, erosion 
loss, and divergence loss. 

The basic inputs, characteristics, and outputs of the TD2P module are 
shown in Figure 1-fc'. Since this is the most important loss module in the SPP 
code it is felt that the followlna comments are in order. 

♦Most solid rocket motors have normalized radii of curvatu-e *-2 and, In the ab- 
sence of particles CTS tends to be .99 *CD < 1, or, In other words, with perfect 
combustion nc4woulaoe bounded as follows, 1 < TJ£ < 1.01,   This small effect 
tends to be masked by measurement and data reduction errors, and many times 
test engineers are loathe to report values of r>* greater than unity due to the 
mistaken assumption that such values are physically Impossible to achieve. 
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1) The TD2P module assumes that the gas phase flow behaves as an ideal 
gas.   The gas phase properties are calculated by matching Ideal one di- 
mensional "equivalent" gas results to the output of the ODE module at 
the solidification point*  In order that the condensed phase properties, 
and, hence, the results of the TD2P module, would not be artificially de- 
pendent on a;ea ratio they were taken as the actual values obtained from 
the 0DE module. 

2) The transport properties which are transmitted from the 0DE module 
are selected to insure the greatest degree of accuracy in the throat region. 
3) The reference Isp (one dimensional flow with zero lags, Isp        ), to 
which the TD2P I3p is ratioed, is calculated using the same ideal gas properties 
as are used in the TD2P analysis.   By using a ratio calculated in this man- 
ner, instead of using the absolute I§p number from TD2P, the effect of 
neglecting real gas effects is minimized.  Also, extra care was taken to 
accurately calculate the reference I     during solidification so as to avoid 
the use of different assumptions in fne two modules. 
4) The fact that the two phase flow loss tends to decrease with increased 
throat diameter (erosion) was intentionally ignored, since it was felt that 
the added loss due to throat roughness would more than compensate for this 
effect, 
5) The transonic analysis currently incorporated intD the TD2P module is 
restricted to running normalized throat radii of curvature of no less than 
approximately 1.5 and inlet angles less than about 45°.  In addition the 
program requires the throat geometry to be    circular with equal upstream 
and downstream radii of curvature.   These restrictions on the geometries 
which may be realistically treated are a major shortcoming of the TD2P 
module. 
6) The edge conditions which are generated by the TD2P module for the 
turbulent bourdary layer, TBL, module have been adjusted so that the sub- 
sonic and transonic regions will faired into the supersonic regions in a 
smooth manner.   The stagnation conditions transmitted to the TBL module 
have also been adjusted so as to allow the TBL module to reproduce the 
TD2P edge conditions (velocity, pressure) as closely as possible. 

1.7      Turbulent Boundary Laver Module (TBL) 

The losses associated with the presence of a boundary layer result from 
a transfer of heet to tie nozzle walls and from a reduction in momentum due to shear 
stress along the walls.   These losses can be calculated by properly Integrating the 
stress tensor along the wall (pressure plus skin friction), or by calculating the 
momentum deficit In the boundary layer at the nozzle exit plane.   The second 
method Is the easiest to apply, and is the JANNAF recommended procedure. 

The boundary layer development in the nozzle is currently computed using 
the Bartz-Silver integral method, as embodied In the JANNAF adopted TBL 
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program*     .   Thl? is not the most accurate boundary layer program available, 
however, Its virtues (speed and simplicity), coupled with the usually small 
magnitude of the loss (usually less tha 1% for all but small motors), make It a 

reasonable choice for the present purpose. 

The boundaiy layer solution requires a specification of the Inviscld flow 
along the wall streamline.   In the SPP program these edge conditions are supplied 
automatically by the TD2P module (If executed).   This allows the Interaction be- 
tween two dimensional and boundary layer effects to be properly accounted for. 
The TD2P module supplies the TBL module with the nozzle geometry, Mach number 
along the wall streamline, Ideal gas properties, and stagnation pressure and temp- 

erature.   This procedure allows the remaining edge properties to be computed In- 
ternally In the TBL module (pressure, velocity, etc.) to match, as closely as pos- 
sible, the respective TD2P computed counterparts. 

The boundary layer loss Is computed directly as an I     decrement, rather 
than as an efficiency, using the following formula 

spBL gmTD2P l J 

in which the various quantities are all evaluated at the nozzle exit plane.   It 
should be pointed out that this equation gives the complete boundary layer loss. 
The reduction In fluid momentum due to shear and heat losses to the wall are both 
properly accounted for. 

In most cases the effect of the ir.vicid -viscous interaction between the TD2P 
and TBL modules Is small and does not warrent the subsequent iteration   which re- 
quires the re-running of TD2P module using the new Invlcid wall contour supplied by 
the TBL module.   However, In extreme cases, the above procedure may be Implemented 
by using the invicld wall contours supplied by the TBL module as Input to second 
TD2P-TBL calculation.   However, when boundary layer losses are of such Importance 
that such effects should be considered, it Is doubtful that the TBL analysis, and 
the assumptions Incorporated within, are valid.   Therefore, Is Is suggested that In 
these cases, that a more accurate method or analysis of the turbulent boundary layer 
loss be used. 
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That is to say, when the losses are small (^ 1/2%) even a poor character- 
ization of the loss (± 50%) Is acceptable.  When the losses due to a turbulent 
boundary layer are large, then secondary effects (invicid-vicid flow interactions) 
are small compared to the primary boundary layer analysis loss.  Hence, if the 
boundary layer loss is significant corrections made to the TEL module method of 
calculation are of minor Importance since the overall method selected is of 
doubtful accuracy. 

The input, Menial linkages, characteristics, and output of the TBL module 
are schematically portrayed In Figure 1*7. 
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2.      INPUT DESCRIPTION AND LINKAGE 

The SPP Program is structured so that the various program elements which 
comprise the total performance prediction methodology can be utilized as an integra- 
ted set, as Individual program^ in a stand-alone mode, or in any user specified 
combination.   The individual program modules have been combined with a control 
module which provides a means for inter-module communication.   This allows 
the complete methodology to be executed automatically, with a minimum of user 
prepared input.   Minimum is used here in the relative sense, as the amount of 
input required to perform all the analyses Is not small. 

Table 2-1 is essentially a block description and flow chart of the input 
data requirements of the SPP Program.  In order to exercise the total program 
capability in a single run, one would have to consider tne input requirements of 
ail of the data sets listed in Table 2-1.   The notes column of the Table indicates 
which data sets ca.i be skipped if one desires to execute only a limited number 
of the program options.   The subsection in which each of the data sets is de- 
scribed is also Indicated in Table 2-1. 

Table 2-1 should be used as a guide when preparing input for a given pro- 
blem.   It lists the data sets in the order in which they should appear in the data 
deck, and also shows the special cards which must appear in each set (first card, 
last card, etc.) if the program is to function properly,   labie 2-1 is basically 
self-explanatory when used together with the detailed input descriptions which 
follow.   The following additional notes are parenthetic*!. 

1. Thermod/namic data will normally be on tape or on a mass storage 
permanent file.     Card input will be required only when species not 
residing on the tape are considered. 

2. Thermodynamic data below 300°K will rarely be required for solid rocket 
motor problems. 

3. The Geometry data set is not optional if one desires the post-module 
execution summary outputs, or the final performance summary tables. 

4. Figures 2* 1 and 2-2 of Volume II can be very useful in understanding 
how and in what order data is transmitted between modules. 

Section 2.11, following the input data descriptions, describes the internal 
(and external, via punch cards, perm, files, etc«) linkages between the basic 
computational modules of the program. 

2-1 



Table 2-1     Input Data Set Description 

Date Set 

Title curd« 

c 

1 

ard col. 

2 34 S 

no. 

6 719 10 

first r«fd t ITU title    formation 

Just card nono required 

Thermo, iyrwmlc DaU 

ür«t card 1 lit RM 0 

List card l: NP 

ThcrtnoJy 
Mow 30 

aaHc Oat« 
rr*K 

first card L t*W   T CPHS 

last card I ND   LdW   T    CPHS 

Geometry card 

first card              r COME TRY 

second card SGEfl M 

last card SEND 

Trajrcior y card 

fust card             1 R A) E CT0RY 

second card SIR A J 
last card SEND 

Problem < "*rd 

first card             P RCfll EM 

second card S P RC 1 

last card TTNT 

Heeetanti » card 

first card R E A rr A NTS 

last card blank eard '»quired 

Ontt and Insert cards 

first card it Ml V 

last card nemr required 

first sard I NSER I 
last eard none required 

0DEN«n elm 

first card             * A MEL I STS 

second eard * CJDT 

lest eard SENT 

ML Ntm«h St 

first card S e A 1- 

lest c*rd •SCNCJ 

lallUtlc t Inert date . 
flfbt card I kl TI AL 

Jest card f. Nl>   0 r     PROGRAM 

RMelMt « r*r»f» 

lliv c«id * r ACT A NT 8 

IOM r*rd blank card required 

Omit «ml Insert cards 1 
»itst card ap.« T 
l.v.t e#rd I none required 

fir I card 1 \K % t H r 
lt«Ht *;*rd t     # fume required 

Section ExplelnUMj 
Deleft* 

2.1 

l.i 

2.2.1 

2.3 

2.4 

2.S 

2.1.1 

2.6.1 

2.1.3 

2.1.4 
2.I.S 

2.7.1 

2.7.2 

2.1.1 

2,1.2 

2.S.) 

Motet 

1.2.3 

3.4 

1.3 

1.3 

1.3 

12 
4 
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1 

Table 2-1 (continued) 

0DC Naetcllsts 

first card NJA M!fL]f 8 T 8 

second card WÖüi 
lait card 

<JDK option for input of 
Initial Species Concentre* 
tlona 

first card 

last card 

Reactions 

first card 

last card 

Inert Species Optio« 

first card iNCttTlS 

last card 

Third Body Reaction 
Rats Ratios 

first card 

ISkirard 

0DK tramelist 
[first card 

last card 

TOaP Ha«sllst 

[lust card 

last t*r& 

TIL Namo'lit 

Ham. 
i 

10 

u 
it 

Ur*t card 

!o*t -*rd 

I* END) 

PECI 

LAC 

AST 

jHi «r! 
IMT 

»ODK 
b E N Di 

P T DJ 

KNL 

V T ft I 

6 E >J D! 

ES 

none required 

I ON 8 

RE AX 

required 

80OY 

(CARD 

2.8.4 

2.8.S 

2.8.1 

2.8.2 

2.8.} 

2.8.4 

2.8.8 

t.8 

l.l* 

18 

11 

Optier J!. 

More than one ■,»•-.*•»«, 

May appear Ir #i.y or.!*.* bistre «tit RR0RLLM card. 

Cvt4jn..l, If a .Vf* ' <iy >'.uc deta already exists. 

Mundefary. 
Rt-Qutft.il only «f t\" C*: i' oj Mo* is Sf>lnci«-J. 

^t-quind lull«/ it ;•,»- WVI option is »elitit-J. 

luqutrmj inly if r *. >i .«(uilir^ium t^iton »• !ecti*d. 

N'^bifd only If f .  .«P*: ^ »ion is selected. 

R«'«uii».U only It ?J.I I'./l' uftton Is select« d. 

Reqult«*: only U «.•■ TW. <H*H*»« is tripled. 

M requested by lepvt In to tfRft noneUs*. previously 
fsejwstad lln*#g «*t* if ay bs included öfter the SfROR 
ooMoIlst sot Use Section I.II). 
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2.1 TITLE CARDS 

This input penults labeling of runs with alphanumeric Information.  As 

many title cards as desired may be input In sequence.   Card format is as follows: 

col 1-5     col 6-77 
TITLE        any alphanumeric information 

2-4 

i    i      "  i ir i am/mimmnam irriiiiiiifininrri*»--'"'^*" ^^a^^,,,,,,^,.^,^,.,^- - -HHiMniirtmnw urii^ 



2.2 THERMODYNAMIC DATA 

This data set is identical to the THERMO DATA described in Appendix 
D of NASA SP-273 (i.e. Reference  1). 

Using this data set, thermodynamic data curve fit coefficients may be 
read from cards.   The curve fit coefficients are generated by the PAC computer 
program described in NASA TN D-4097 (i.e. Reference 7). 

The thermodynamic data (i.e. Cf   , etc.) are expressed as functions of 
PT 

temperature using S least squares curve fit coefficients (a, -) and two integration 
constants (a*?) as follows: 

PT 

H°T 
"TOT 

*1 * a2T * a3** * N1* * a5T* 

a,T       a*Tf      a.T*      e^T4      a- 

3% a-Ta      a4T*     a.T4 

—£—    - a2 int ♦ a2T ♦ -|— ♦ -|— ♦ ♦ a, 

(2.2-1) 

(2.2-2) 

(2.2-3) 

For each species, two sets of coefficients (aj_7 and a|-7) are specified 
for two adjacent temperature intervals, lower and upper respectively.   For the 
data available in Reference 1 the lower temperature interval is 300° tc 1000'K 
and the upper temperature interval is 1000°K to S000°K. 

The Input iormat required for this thermodynamic data is defined in Table 
2-2»  Data cards for the species H, H02, H2, H20(L), H20, H202, O, OH, 02, 
A12O30D, and AL203(s) are listed in Tsble 2-3 as examples.  Thermodynamic data 
coefficients for 421 species are available in Reference 1 and are supplied with 
the computer program.  A list of these 421 species names is presented in Table 
2-4. 

Data Tape Generation and Usage: 

A computer run using thermodynamic data card input will generate a data 
tape on logical unit JANAF.  This tape may then be saved and used at a later time» 
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The program writes the THERMO data card Images on unit JANAF as read but with 
two minor exceptions.   The THERMO code card and the card numbers in card 

column 80 are omitted. 

If thermodynamic data cards are not input« the program assumes the 
thermodynamic data is on logical unit JANAF. Logical unit JANAF is currently 

assigned a value of 25. 

L 
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TABLE 2-2 FORMAT TOR THERMODYNAMIC DATA CARDS 

1 Card 
order 

Contents Format Card 
column     I 

I     1 THERMO 3A4 1 to 6     | 

2 Temperature ranges for 2 sets of co- 
efficients: lowest T, common T, and 
highest T 

3F10.3 1 to 30    1 

3 Species name i              3A4 1 to 12 

Date 2A3 19 to 24 
I Atomic symbols und formula I4(A2,F3.0) 25 to 44    i 

Phase of species (S,L, or G for solid, 
liquid, ornas, respectively 

Al i         45 

Tempi reture range 2F10.3 46 to 65 

Integer I IIS 80 

1    4 
Coefficients a! (l « 1 to 5) in equations 
(2,2-1) to (2,2*-3) 

5(E15.8) 1 to 75    1 

(for upper temperature interval) 

Integer 2 15 80 

! 5 Coefficients inequations (2.2-l}-(2,2-3J 
(*&' °7 *or uPP°r temperature interval 
ana a,, a2, and a, for lower) 

sens.« 1 to 75 

Intcyer 2 15 80 
\    6 i Coefficients *.n aquations (2,2-l)*(2.2-3J 

ta4'°A'dfi»'l7 *or lower temperature in- 
tefran 

4(E15.8) 1 to 60 

Integer 4 '   CO 80        1 
(a) Repeat cards numbered 1 to 4 in cc 80 

for each species 
(Final 

card) 
END (Indicates end of thermodynamic 
data) 

3A4 1 to 3     1 

* Gaseous species and condensed species with only one condensed phase can be 
in any order*   However, the sets tor two or more condensed phases of the same 
species must bo adjacent.  If there arc more than two condensed phases of a 
species their rets musi. be either In increasing or decreasing order according 
to their temperature Intervals. 
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TABLE 2-3 •    SAMPLE THERMO DATA CARDS 

(Species Aft, fc, H2, HjO, N?, O, OH, 0£ 

THERMO 
300§000    1000.000    50009000 

AR L 5/66A«    100    000    000    06      300*000    5000*000 
0*25000000E 01  0» 0« •• •• 

•0974537502E 03 0943660006E 01  o925000000£ 01  0» 0« 
0t 0* »0*74537496E 03 0943660006E 01 

H J 9/65H      100    000    000    08      300*000    5000.000 
0*25000000E 01  0« A* Ot 0« 
0.25471627E 05»6*46011763E 00 f)«25600000E 01  0« 0« 
0« 0« 0»2**?1*27E 05*0*4601)763E 00 

H* J 3/61H      20      00      00      06      300*000    5000*000 
0»31001901E 01  0*511l*tt+£<»03 0#*2644216E-07-0»3490W73E*10 0*3694534*£«.14 

»0*S77380+2£ 03MM9629*2U fi\  6*3057445ifc 01  0*26765200E-02*0*5809*l6?E*0* 
0*552l039lE-08-6tl6122739|>ll-ii.98R90474E 03*0.229970S6E 01 

H20 4 3'61H      20      100    000    06      300*000    5000*000 
0.27167633E 01 0.29451374E-02-0.80224374E-06 09102*6682£.09-0946*7214£E»14 

-0*29905R26E 05 0f*6305ti7l£ 01  Ä#40701275E 01-0*110844o9|>0? 0*41521180E-0& 
-0t29637404r-0S 0.8070?!eiC-lS-*93ß?797?2C 05-09322700t6E 00 
N2 J 9/65N      20      00      00      06      300*000    5000*000 

0*269*31*4E 01  O,15154ft**£«02«ft*5?235277C»O6 0*99607393E»10<-0*6*22355*E»14 
•0*90586184E 03 0t*1615146E 0}  6*3674R2*1E 01*0*12081500E»02 8»2?240102E-05 
-0.63217559E-09-0.22577;.!5*E-!J>-o*l06115RRE 04 0*235*04?4E 01 
0 J */*?(*      106    000    000    06      300*000    5000*000 

0*2542*5*6E 01-0*27550t l9C*04«t»,3l02ft033£«»08 0*455106'/4E-U-0*43680515E<»15 
0*29230803E 05 0»49203fiR0E 01  ft.2*4642*7E 01*0*16361665E-02 0*24210316£*65 

•0»16028432E~08 0O89069*4E<»12 0t29|47644E 05 0t29639949E 01 
OH J 3/660      IM      100    000    06      300*000    5000*000 

0.29106427E 01 0995931650f-0V.ft9l9441702E-06 09l3756646E-I6 0,14224542E<-15 
0*393538151 04 095442344<i£ 01 6.36375943? 0i-09107788!:8f>02 0996830376E-06 
0*18713972£-09*0*2257lQ94E-]2 0.364i2ft23£ 04 0*49370009E 00 

02 J 9/650      20      00      60      06      360*600    5000*006 
0.36219S35E 01 0.736l8?Mt>o3-0#l96!i2228E-06 O*362015*O£»16-6*2*945627E~14 

-0.12019R2SE  04  0936150960|»   01   0.36?bS9HSF  0L*916782184£»62 0970554544E«05 
~0;*7*35137E-06 0921555%93E*1U6910475226E 04 0943052776E 61 
fNO 
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Table 2 -4.    SPECIES WITH THERMODYNAMIC DATA PROVIDED 

AL(S) BCL BEO(S) C2H FECL2(S) 
AL(L) BCL+ BEO(L) C2HF rECL2(L) 
AL BCLF BEO C2H2 FECL2 
AL+ BCL2 BEOH C2H4 FECL3(S) 
ALB02 BCL2+ BEOH+ C2N FECL ML) 
ALCL • BCL2- BE02H2 C2N2 FECL3 
ALCL+ BCL3 BE20 C20 FEO(S) 
ALCLF BF BE20F2 C3 FEO(L) 
ALCLF2 BF2. BE202 C302 FEO 
ALCL2 BF2+ BE303 C4 FE02H2(S) 
ALCL2+ BF2- BE404 C5 FE02H2 
ALCL2- BF3 BR CL FE03H3(S) 
ALCL2F BH BR2(L) CL+ FE203(S) 
ALCL3(S) BHF2 BR2 CL- FE304(S) 
ALCL3(L) BH2 C(S) CLCN H 
ALCL3 BH3 C CLF H+ 
ALF BN(S) C+ CLF3 H- 
ALF+ BN C- CLO HALO 
ALF2 BO CCL CL02 HBO 
ALF2+ BOOL CCL2 CL2 HBO+ 
ALF2- BOF CCL3 CL20 HB02 
ALF3(S) BOF2 CCL4 CS(S) HCL 
ALF3(S) B02 CF CS(L) HCN 
ALF3 B02- CF2 CS HCO 
ALH BS CF3 CS+ HCO+ 
ALN^u/ B2 CSCL(S) HL1' 
ALN B20 CH CSCL(S) HF 
ALO B202 CH2 CSCL(L) HWO 
ALO+ B203(L) CH20 CSCL HO? 
ALOCL B203 CH3 CSF(S) H2 
ALOF B303CL? CH4 CSF(L) H2G(S) 
ALOH B303F3 CN CSF 1I2O0J 
ALOH+ BE(S) CN+ CSO mo 
ALOH- BE(L) CN- CS2 mo* 
AL02 BE <;N2 CS2CL2 Hi3 
AL02- BE+ CO CS2F2 IUB306 
AL02H BEB02 COOL CS2C HE 
AL2CL6 BECL CCCL2 E HI> 
AL2F6 BECL+ CCF F K(J) 
AL20 BECLF COF2 r- K(L) 
AL20+ BECL2(S) COS FCN K 
AL202 BECL 2 (L) C02 . TO K+ 
AL202+ BECL2 C02- F02 KCL(S) 
AL203(S) BEF CP F2 KCL(L) 
AL203(L) BEF2t5) CS F20 KCL 
AR BEF2(S) CS2 FE(S) KF(3) 
AR+ BEF2(L) C2 FE(S) KPW 
B(S) BEF2 C2- FE(S) KF 
B(L) BEII C2CL2 PEW KF2- 
B BEH+ C2F3 rt K2F2 
B+ BEN C2F4 FECL KO 

KOH 
KOH(S) 
KOH a) 
K2 
K20(S) 
LI(S) 
LI(L) 
LI 
LI+ 
LICL(S) 
LICL(L) 
LICL 
LIF(S) 
LIFW 
LIF 
LIF2- 
LIFO 
LIH(S) 
LIHW 
LIH 
LIN 
LIO 
LIO- 
LIOH(S) 
LIOHW 
LIOH 
LION 
LI2 
LI2CL2 
LI2F2 
LI20(S) 
LI20a) 
LI20 
LI202 
LI202H2 
LI3CL3 
LI3F3 
MG(S) 
MG(L) 
MG 
MG+ 
MGCL 
MGCL+ 
MGCLF 
MGCL2(S) 
MGGL2W 
MGCL2 
MGF 
MGF2(S) 
MGF2W 
MGF2 
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Table 2-4. (cont'd) 

MGH SIN 
MGN 0+ SIO 
MGO(S) 0- SI02(S) 
MGO(L) OH SI02(S) 
MGO 0H+ SI02(S) 
MGOH OH- SI02« 
MGOH+ 02 SI02 
MG02H2 02- SIS 
N P SI2 
NF P(S) SI2C 
NF2 P+ SI2N 
NF3 PCL3 SI3 
NH PF3 XE 
NH2 PF5 
NH3 PH 
NO PH3 
NO+ PN 
NOCL PO 
NOF PS 
•NOF3 P2 
N02 P4 
N02- S(S) 
N02CL S(L) 
NO?F S 
N2 s+ 
N2C SF4 
N2H4 SF6 
N20 SH 
N204 SN 
NA(S) SO 
MA« S0F2 
NA S02 
NA+ S02F2 
NACL(S) .S03 ' 

NACL« S2 
NACL SI(S) 
NAT(S) SI« 
NAF(L) SI 
NAF SI+ 
NAF2- SIC 
NAH SIC2 
NAO SICL 
NAO- SICL2 
NAOH(S) SICL3 
NAOH(L) SICL4 
NAOH SIF 
NA2 SIF2 
NA2CL2 sirs 
NA2F2 SIF4 
NE SIH 
NE+ SIH4 
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2.2.1    THERMODYWMIC DATA BELOW 300°K 

Tor low temperature calculations it may be necessary to extend the 

curve fit data In the Thcrmodynamlc Data file (see Section 2.2)«   The lower 
temperature limit, T^, in the Thermodynamtc Data supplied with the program Is 

If 300° K 

Thermodynamic Data below the temperature, T-, may be Input by data cards as 
described below. 

| col U 

card 1 L0W T CPHS 1   Directive for start of                | 
low temperature CPHS 
tables (col 1 through 10). 

1  card 2 

i 

• n 12 character species                j 
name, left justified 
followed by the integer, 
n, punched In column 21. 
The Integer n must be such 
that 1 £ n s 3 and represent 
the number of Thermodynamic 
Data points to be input for 
this species. 

1 care 3 fl*     CPT     HT     ST 

• 

1 nrst Tnermodynamlc Data       | 
point for the above species, 
input 4F 10.0,   15. 

card n+2 V     %     #T     % 2    nth (l*'ns3) nth Thermodynamic Duta 
point for the above species, 
Input 4r 10.0,  15. 

* * * Repeal; cards 2 through n + 2 above for each specins to be input. 
Temperature must be T 1<T2<T3<T/ 

(flnol 
card) 

END L0VV T CPHS end directive (col 1 
through 14) 

An example of this input is given in Table 2-5 which shows a card listing extend- 

ing the Thermodynamic Tata for an 02/H2 propellunt to 100°K.   Data In Table 2-5 

Is taken directly from tne JANAF tables (Reference 8), except for Argon which Is 

token from NASA SP-3001. 
The quantity H^ is defined as 

HT     *   ^-«W - ÄMf 298 
cal/molc 

Cl     ,   cal/molc - deg K 
*T 

&      ,   cal/mole - deg K 
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TABLE 2-5    LOW TEMPERATURE Cf?    , 1^, S°T DATA FOR AN 02/H2 PROPELLANT 

LOW T CPHS 
AR 2 
100,0 4,9681 »9B4.5 31.556 1 
200,0 4,9681 -4B7.7 34,999 2 
H 2 
100.0 4,968 51118.       ?1.965 1 
200,0 4,968 51614,       ?5.40B 2 
H2 2 
100,0 5.393 -1265, ?4.3B7 I 
200,0 6,518 -66?,0 ?8,5?0 2 
H20 2 
100,0 7.961 -5937b,9     36.396 1 
200.0 7,969 .58581,9    4'i.9l6 2 
N2 2 
100.0 7.074 -1387,0 38.113 1 
200,0 6,989 «684, 42,986 2 
n * 
100.0 5.666 58479. 32.466 1 
200.0 5,434 59036, 36.340 2 
OH 2 
100.0 7,567 7879, 35.B52 1 
200,0 7,309 8623, 4l.0?l 2 
02 2 
100.0 6.958           «13B1.          4l«395                1 
200*0 6.961             -685.         *6«?18                2 
END L0^ * CpH$ 
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2.3       Geometry Directive and Input 

The GE0METRY directive allows the user to input the nozzle geometry in 

the $GE0M namellst set and have that information transmitted to the appropriate 

calculation   modules.  Any or all of the values input via the GE0METRY directive 

may be overridden in the input to a specific calculation module. 

The format of the GE0METRY directive and description of the input is as 

follows: 

The word GE0METRY must start in card column 1 (Only the first 4 charact- 

ers are checked).   The card following the GE0METRY card should contain $GE0M 

in card columns 2 through 6.   The cards following the $GE0M card may be in any 

order up to the $END card which specifies the end of the geometry input data. 

All cards in the namellst input set must start in card column 2 or greater.   The 

input items are 

Item Inscription Units Assumed 
ValMe(s) 

$GE0M namellst name 

ASUP(l) a supersonic area ratios at 
which information will be 
printed out 

none 0.0 

NASUP as number of entries in the 
ASUP array * 40 

none 0 

ASUB(l) U subsonic area ratios at 
which information will be 
printed out 

none 0.0 

NASUB m number of entries in the 
ASUB array < 10 

none 0 

NN0Z a number of nozzles none 1 
RSI 

RCURV 

*RSD0T 
fTBURN 

initial throat radius, r * 

normalized throat radius of 
curvature, tf/r** 

nozzle erosion rate, f *. 

motor bum time« used to 
calculate r* as a function 
of time, i.e., r*(t)-r*+r*t. 

none 1 
in 0.0 
none 0.0 

mils/sec 0.0 
sec 0.0 

+These values will be overridden by the Grain Design & Ballistics Module cal- 
culated values if BAL»l or 2 In $PROB Namellst. 
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Item Description Units Assumed 
Value(s) 

IWALL = wall specification option none 0 
flag 

1 cone option (Input TKETA, 
RCURV, THETAI, RSI, and 
EPS) 

2 parabolic nozzle contour 
option (Input THETA, RCURV, 
THETAI, RSI, RMAX, ZMAX) 

3 circular arc nozzle contour 
option (Input-same as In 
IWALL-2) 

4 nozzle contour (spline) option 
(input THETA, RCURV, THETAI, 
THE, RSI, RS, ZS, NWS) 

**Note** -  Certain of the calculation modules (0DK and TD2P in particular) con- 

tain more extensive nozzle geometry specification options than are presented 
here.   However, the options cited above are applicable to all of the calculation 

modules in the SPP code. 

The following items are illustrated in Figure 2.1 on the next page. 

THETA 

THETAI 
THE 

EPS 

RMAX 

ZMAX 

RS(2) 

ZS(2) 

nozzle attachment angle DEG. 

nozzle inlet angle DEG. 
nozzle exit angle (input DEG. 
if IWALL-4 only) 

nozzle expansion ratio (in- none 
put if IWALL« 1 only) 

normalized radius at the none 
nozzle exit plane (Input if 
IWALL-2 or 3) 

normalized axial position none 
of the nozzle exit plane (in- 
put If IWALL»? or 3) 

table of normalized wall radii       none 
downstream of the nozzle 
tangency point.  RS(1) is com- 
puted as rr   (Input if IWALL-4) 
table of normalized axially none 
positions downstream of the 
nozzle tangency point,  ZS(1) 
is computed at Z~ (input if 
IWALL-4) ^ 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 
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Itgm Desertion Units Assumed 
Vgltfefe] 

NWS 

RZN0RM 

RI 

ECRAT 

FSUBM 

$END 

number of entries in the RS, none 
ZS tables.  Includes the first 
entry.   NWS s 20.   (Input if 
IWALL-4) 
Optional normalizing factor none 
for the RS, ZS table.   For ex- 
ample, if RS & ZS were input 
as dimensional numbers, RZNORM 
would be the throat radius in those 
units.   

normalized inlet wall radius none 
of curvature.  Only used if 
0DK calculation selected. 
It is not necessary to input 
RI even if an 0DK calcula- 
tion is to be made. 

Contraction ratio at which none 
the ballistics calculation 
will assume the nozzle in- 
let to start. 

length of submergence/length        none 
of Internal motor,   (used in 
calculating the empirical   sub- 
mergence loss for the nozzle). 

1.0 

0.0 

0.0 

AEAS nozzle entrance area/nozzle 
throat area (used in calcula- 
ting the empirical submergence 
loss for the nozzle). 

none 1.0 

AVELS St motor average I* in. 0.0 
KN0Z as nozzle type flag 

-1 steel nozzle 
«0 all other types nozzle 

none 0 
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2.4       froJectQry Directive and |npM 

The TRAJECT0RY directive allows the user to Input either the altitude or 

exhaust ambient pressure as a function of time during a motor firing In the $TRAJ 

namellst set.   This data allows the SPP computer program to calculate the de- 

livered performance at the actual motor conditions •  If this input is not speci- 

fied only vacuum performance can be calculated.* 

The format of the TRAJECTORY directive and description of the input is 

as follows: 

The word TRAJECT0RY must start in card column 1.   (Only the first 4 char- 

acters are checked).   The card following the TRAJECTORY directive should contain 

$TRAJ in card columns 2 through 6.  The cards following the $TRAJ card may be 

in any order upto the $END card which specifies the end of the trajectory input 

data.  All cards in the namellst input set must start in card column 2 or greater. 

The Input items are 

Item Descrtoticji Units Assumed 
VaJuefo) 

$TRAJ namellst name 

PAMBI(l) - ambient pressure table PSIA 0.0 
H(l) rs altitude table FT. 
TTRJ(l) B times corresponding to the sec. 0.0 

NTJPT 

IPH 

$END 

ambient pressure or altitu- 
de tables. Must be mono- 
tonicaily Increasing in time. 

number of entries to be used 
in the input tables.   NTJPT* 1. 
If NTJP1W, then the following 
is done:  H(2)-H(l); PAMK(2)« 
PAMBI(l); TTRJ(2)«lxlO«. 

0 - pressure table is to be 
used 

1 - altitude table Is to be 
used 

end of STRAJ namellst set 

none 

none 

Note: The PAMBI and H arrays have been equivalenced to each other in order to 

save core storage.  Hence, if both array names are input, the last input 

values will be used in accordance with the IPH flag. 
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2.5 Problem Directive and Input 

The PR0BIEM directive and $PR0B namelist input allows the user to 
specify which calculation modules are to be executed and which losses are to be 
considered.   The occurence of the PR0BLEM card and associated data in the input 
stream causes the selected loss module£ to be executed in the sequence shown 
in Table 2.1. 

The format of the PR0BLEM directive and description of the input is as 
follows: 

The word PR0BLEM must start in card column 1.   (All characters are 
checked).   The card following the PROBLEM card should contain SPR0B in card 
columns 2 through 6.   The cards following the $PR0B  card may be in any order 
up to the SEND card which specifies the end of the probleu input data.   All cards 
in the namelist input set must start in card columns 2 or greater.   The input items 
are 

Jim 

$PR0B 
0DE 

CAL 

./DK 

TDiP 

TIB, 

iKEO 

i 

Description 

namelist name 
these input itwis call out the cal- 
culation -nodules which are to ex- 
ecuted or specify how the dr*tü wMch 
would have generated by those 
modules is tc be obtained.   Vhe 
allowable values for these variables 
are: 
0.0       either not coHaU'ered or 

not exetJied. 
module u to bo executed. 1.0 

2.0 

3.0 

data previously n*?norL*tpd by 
niciuie ;s to be read in or 
logical .mir INF. 

values which would oe gen- 
erated ty modules are to be 
road In. 

kinetic sv.rt conditions for 
0DK are to be read in via 
the SPECIES directive. 
kinetic start conditions for 
0DK are to be computed 
from derestricted equilibrium 
0DE calculation*.   (see 
ECRAT In $ODE NAMELIST) 

Units Assumed 
Value(s) 

none 0. 

"-.CMV 0. 

üone 

none 

none 

none 

0. 

0. 

0. 

2-18 



IteSL Description Units Assumed 

ETAIG)        s input values of the loss mechanism     none 1.0 
efficiencies fractions.   (Used only 
if module option «3. is selected) 

i Mechanism 
1 finite rate kinetics 
2 2 dlmenslonal-2 phase 

flow 
3 combustion efficiency 
4 submergence 
5 2 dimensional divergence 

loss 
INP = Unit number on which previously        none 3 

generated data is to be read In on. 
(See Section 2.11) 

$END * End of namelist set $PR0B 

L 
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2.6 0DE INPUT DATA (ALL PROBLEMS SPECIFYING 0DE=1,0 OR IREpl) 

The 0DE iiput data described here Is as defined in NASA SP-273, Refer- 

ence 1 , except namelists input $INPT2 and $RK1NP have been combined into a 

single list named $0DE.   Only the rocket option (RKT in the namellst) is described 
here since all the other options have been removed from the 0DE calculation module. 

The 0DE input data consists of the following input groups: 

1. REACTANTS directive card, followed oy up to 15 data cards, 
followed by a blank card, specifying reactants. 

2. 0MIT and INSERT directives to omit or insert species for equilibrium/ 
frozen calculations. 

3. NAMELISTS directive card followed by Input namellst $0DE 
specifying input case data« 

2.6.1      REACTANTS CARDS 

This set of cards is required for all 0DE problems.   The first card in the 

set contains the word REACTANTS punched in card columns 1 to 9,   The last card 

In the set is blank.   7n between the first ^nd last cards may be any number of cards 

up to a maximum of 15, one for each reactant species being considered.   The cards 

for e«ch reactant must give the chemical formula and the relative amount of the 

re-ectant.   For some problems, enthalpy values arc required.   The format and con- 

tents of the cards are summarised {P. Table 2-C.   A list of rome REACTANTS cards 

is given in Table 2-7, 

Relative amount»* of reactents. - The relative amounts of reactants may bo 

specified in several w:jys.   They may be specified in torns of molts, mole fraction, 

or mole percent (by keypunching M in wrd Shiran 63) or in terms of weight, weight 

fraction, or weight parcent (blank in colu-n.n >lh 

Relative amour.tr of total '>w\ to totul oxiu mts can slso oc input.   For this 

situation, oach rt;ncta.it must he apectflau as a iuoi or en oxlcizer by keypunch- 

ing in F or O, respectively, in column ?2 of the REACTANTS card.   The amounts 

given on the REACTANTS cards are relouve  o total iuel or total oxtdant rather 

than total reactant. 
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TABLE 2-6.    REACTANTS CARDS 

Order Contents Format Card columns 

First REACfANTS 3A4 Hot 

Any One cart! tor each reactant specws 
:   (maximum 15).  Each card contains: 

(1) Atomic symbols and formula num- 3CA2. FT.5) 1 to 49     ! 
bers (maximum 5 sets)* 

! (2) Relative weight* or number of n.s 4«toM 
moles 

(3) Blank if (2) is relative weicht or Al S3          1 
M if (2) is number of moles 

(4) Enthalpy or Internal energy*. rt.i 54 to 42 
;        ral molt 

V$ Mitt. *  L. or G for solid. Al •3 
liquid or gas. respectively 

(6) Tempera'urc associated with Ftt.S 14 to 71     j 
enthalpy in (4) 

(7) F if fuel or 0 if »Aidant At i 72         1 

(si Dentil? in g cm  (optional) Ft.S 72 to 13 

Las Blank 

aPrucr;*?tt wit: calculate the citthalpv or internet caen-.;; (4) fur secies In 
the THERMO data at the temperature (6) if zero« ire punched in card 
columns 37 and 31.   (See section Rcacum enthalpy fur additional in* 

(or nut ion.) 
^feelaitve weight of fuel in total fuels ur c.\U.»m in total «mdams   All 

reaeunt» must be tsiven either all in relative whts «r all in number 
of moles. 
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TABLE 2-7   LISTING CF SAMPLE REACTANTS CARDS 

J 

REACTANTS 
H 2 
M ,7806810 .209795AR,004*62 

100.   0.      6298.15 F 
100.   -7,2021646298.15 0 

REACTANTS 
N i. H 
C 1, H 
ALI, 
*6l, 0 
w 2.    0 

4.    CL1.    0 4. 
1.889550 .031256S .006415 

1. 
1. 

72.06 
16.56 
9.00 

.20 

.16 

-70730,    S298.H F 
-2999.0821296,1* F 
♦CO 8296,15 F 
•143700,  S296.15 F 
•66317,4 1296.15 F 

REACTANTS 
« 2. 
0 2. 

00 
00 

100. 
100.0 

0. 
0.0 

6298,15 
6296.15 

F 
0 

REACTANTS 
N 2, rt 6, 
X  2. M 4, 
F 9, 

C 2, 50,0 12734,6 1296,15 
50,0 12050, L2«8,l% 
100,   -30*0.8921 85.2« 

F ,766 
F 1.003 
0 1.54 

REACTANTS 
111, 
F 2, 

100.   C.      S298.15 »• 
100.   -3036.692L 65,24 p l,*4 

REACTANTS 
N 2,    H 4, 
SEl. 
M 2.    0 2. 

60. 12100, L298.15 F 1.003 
20. 0.0 8296.15 F 1,85 

100* •44660, 1296,15 0 1.407 

«Usted above are six examples.  Each example must end with a blank card. 
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There are four options In the $0DE namelist for Indicating relative 
amounts of total fae.! to total oxidant as follows: 
1. Oxidant to fuel weight ratio «2fF is true). 
2. Equivalence rütio (ERATI0 is true). 
3. Fuel percent by weight (FPCT is true). 
4. Fuel to air or fuel to oxidant weight ratio (FA is true). 
For each option, except 0DE with 0DK/1, and TD2P^1, the values are given In 
the 0FSKED array of $0DE (described in Section 2.6.4).   For 0DE=1, 0D1&*1, and 
TD2P^1, the MIX array is used as described In Reference 1. 

Reactant enthalpy.   Assigned values for the total reactant are calculated 
automatically by the program from the enthalpies of the Individual reactants. 
Values for the individual reactants are either keypunched on the REACTANTS cards 
or calculated from the THERM0 data as follows: 

Enthalpies are taken from the REACTANTS cards unless zeros are punched 
In card columns 37 and 38,   For each REACTANTS card with the "00M code, an en- 
thalpy will be calculated for the species from the THERM0 data for the tempera- 
ture given In card columns 64 to 71. 

When the program is calculating the individual reactant enthalpy for values 
from the THERM0 data, the following two conditions are required: 
1. The reactant must also be one of the species in the set of THERM0 data.   For 

example, NH3(g) is in the set of THERM0 data but NH3(d is not.   Therefore, 
If NH-,(g) Is used osa reactant its enthalpy could be calculated automatically, 
but that of NH (;) could not be. 

2. The temperature T must be In the range? *low/1.2 *  T * Tui0ux 1*2 where T. 
to T. . .  Is tho comperatore range of the THERM0 data. 

For many cises it may be desirable to modify the enthalpy entered on the 
REACTANT cards.   This car* be done by using the DELH input array.   The DELH entry 
will be added to the system enthalpy as computed by 0DE from the reactants cards 
(see above).   For example, overall system enthalpy of the propeliant can be Input 
through the reactants cards and the energy added or extracted due to conditioning 
the propeliant can be input by the DELH entry.  An alternate method would be to 
Input zero enthalpy jn the Reactants cards and input enthalpy by the DELH entry. 
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The second and less important reason is that if one knows that one or 
several particular condensed species will be present among the final equilibrium 
compositions for the first assigned point, then a small amount of computer 
time can be saved by using an INSERT card.   Those condensed species whose 
chemical formulas are included on an INSERT card will be considered by the 
program during the initial iterations for the first assigned point.   If the INSERT 
card were not.used, only gaseous species would be considered during the initial 
iterations.   However, after convergence, the program would automatically insert 
the appropriate condensed species and reconverge.   Therefore, it usually is 
immaterial whether or not INSERT cards are used.   For all other assigned points 
the inclusion of condensed species is handled automatically by the program. 

NOTE:  For all metahzed propellants It is strongly suggested that the appropriate 
condensed phases be included in the Insert cards to insure convergence 
in the equilibrium calculation. 
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2.6.2 flMIT and INSERT Cards 

0MIT and INSERT cards are optional.   They contain the names of particular 
species in the library of Thermodynamic Data for the specific purposes discussed 
below.   Each card contains the word 0MIT (in card columns 1-4) or INSERT (in 
card columns 1*6) and the names of from 1 to 4 species starting in columns 16, 
31, 46, and 61.   The names must be exactly the same as they appear in the 
THERMtfdata. 

2.6.2.1 dMIT Cards 

These caids Jist species to be omitted from the THERM0 data.   If 0MIT 
cards are not used, the program will consider as possible species ail those 
species in the THERM0 data which are consistent with the chemical system 
being considered.   Occasionally it may be desired to specifically omit one or 
more species from considerations as possible species.   This may be accomplished 
by means of 0MIT cards. 

2.6.2.2 ' INSERT Cards 

These cards contain the names of condensed species only.   They have 
been included as options for two reasons. 

The first and more important reason for including the INSERT card option is 
that, in rare instances, it is impossible to obtain convergence for assigned enthalpy 
problems (HP or RKT1 without the use of an INSERT card.   This occurs when, by 
considering gases only, the temperature becomes extremely low.   In these cases, 
the use of an INSERT card containing the name of the required condensed species 
can eliminate this Vind of convergence difficulty.   When this difficulty occurs, 
the following messa-je is printed by the program:  "LOW TEMPERATURE IMPLIES 
CONDENSED SPECIES SHOULD HAVE BEEN INCLUDED ON AN INSERT CARD". 
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2.6.3       $0DE NAMELIST INPUT 

The 0DE subprogram contains n am el ist input sections $0DE.   The Name- 
list $0DE must be preceded by a card with NAMELISTS punched in card columns 
1-9. 

The $0DE Namelist is required for inputs to the $PR0B namelist set if: 
0DE    =    1.0, 
0DK    =    1.0, 
IREQ   =    1. 

or 

If both 0DE=1, and IREQ-1, are specified in the $PR0B namelist, two sets of 0DE 
data will be required. 

The variables input by the $0DE namelist are listed in Table 2-8.   Addi- 
tional information about some of these variables follows: 
Pressure units. - The program assumes the pressure in the P schedule to be in 
units of atmospheres unless PSIA = .TRUE. 
Relative amounts of fuel(s) and oxldizer(s). - These quantities may be specified 
by assigning 1 to 15 vlaues for either o/f, %F, f/a, or r.   If no value is assigned 
for any of these, the program assumes the relative amounts of fuel(s) and oxidizer(s) 
to be those specified on the REACTANTS cards.   (See discussion in REACTANTS 
Cards, Section 2.6.1). 
RKT problem. - Only one value for chamber pressure, P, is to be input. 

Print oat wili be given for the chamber pressure condition (i.e. stagna- 
tion) and the throat condition.   Print out may be requested at other conditions by 
use of the PCP schedule and the SUBAP and SUPAR schedules.   The values of ASUP 
and ASUB from the $GEOM namelist set will automatically öe inserted into the SUPAR 
and SUBAR print arrays.   Pius any input into these arrays will override the values 
input ir the $GE0M njmellst set for the 0DE calculation only. 

The progran will calculate both equilibrium and frozen performance un- 
less FR0Z=F or EQL=F are input.   If FR0^>F, only equilibrium performance will 
be calculated.   If EQL^F, only frozen performance will be calculated. 
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TABLE 2-8.    VARIABLES IN $0DE NAMELIST 

Variable No, of 
entries 

Type Value 
before 

read 

Definition and comments 

RKT 1 L True Rocket problem                                           j 

P(I) 25 R 0 Assigned pressures:  stagnation 
pressures for rocket problems: 
values in atm unless PSIA, or SI= 
.T., (see below) 

SI » L False aValues in P array are in N/m3 

!      PSIA 1 L False aValues in P array are in psia units 

XPC) 50 R 1. Not currently used 

1     0T 1 L False Oxidant to fuel weight ratios are 
to be input3                                                 1 

ERATI0 1 L False Equivalence ratios are to be Input 

FPCT J L False Percent fuel by weight are to be 
input6 

FA 1 L False Fuel to air weight ratios are to be 
input3 

0FSKEDW 50 R 0 For a Roc! et problem, and ODKF 
1 or TD2P=1, 0FSKED will be used 
rathor than MIX (see Reference 1). 
Relative amounts of total oxidant 
to total fuel are input as defined 
by C*F, ERATI0, FPCT, or FA. 

DELH(I) 5C P. 0 This value vill be added to the 
system enthalpy input thru the re- 
actants cards.   Units are BTU/ 
# if PSIA-.T., otherwise cal/gram. 

I0NS 1 L False Consider ionic speclesa 

PCP(I) 50 R 0 Compute ana print solutions at these 
ratios of chamber pressure to pres- 
sure (entries must be< 1.) 

SUBARd) 50 R 0 Compute and print solutions at these 
values of subsonic area ratios (en- 
tries must **1.) 

SUPARtt) 50 R 0 Compute and print solutions at these 
values of supersonic area ratio (en- 
trels must ^ 1.) 

aIf variable Is set to be true. 

^Set variable false it these calculations are not desired. 
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Table 2-8 (cont'd) 

Variable No, of 
entries 

Type Value 
before 
read 

Definition and comments                    j 

ECRAT 1 R 0 Subsonic area ratio to start <?DK            j 
calculations with computed equil- 
ibrium conditions.   The SUBAR in- 
put table must include an entry 
equal to ECRAT. 

EQL 1 L True Calculate rocket performance as- 
suming equilibrium composition 
during expansion**. 

FR3Z 1 L Trued Calculate rocket performance as-          I 
sumlng frozen composition during           ji 
expansion*5. 

|  nsTSP 1 L False List names and dates of all species 
residing on thermodynamic data 
useda. 

|    KASE 1 I 0 Optional assigned number associated 
with case.                                                  | 

';*0l?T 1 L TRUE For cases with condensed phases,         | 
the equilibrium conditions at the 
onset of solidification will be cal-        | 
culated.b                                                    j 

NLPRNT 1 L FALSE Write out the $0DE namelist data           j 
set using a namelist write.9                   ! 

1 If variable in sex to ue true. 
üSet variable false if »hese calculations are not desired. 
c 

d 

Required only for the restricted equilibrium option, i.e., IREQ=1 in $PR0B namelist. 

Assumed falec for a restricted equilibrium calculation. 
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2^7      Grain Design and Ballistics Input 

The input for this module is described in three parts.   Section 2.7.1 de- 

scribes the $BAL NAMELIST input, while Sections 2.7.2 and 2.7.3 describe the 

formated grain design and formated ballistics input, respectively. 

2.7.1    $BAL NAMELIST 
In the following list of input quantities an * preceding the variable name 

means that it is internally transmitted from the ODE module if ODE = 1 or 2 in the 
$PR0B NAMELIST 'at present only values at one chamber pressure are transmitted 
to the BAL module from the 0DE module).   Two ** are used to denote variables that 
are transmitted fro*n the $GE0M NAMELIST, if used.   Values input directly in $BAL 

will over-ride internally transmitted values. 

Variable 

*PC 
♦CSTART 

*TFT 
*CPG 
*CPM 
*GAM 

*XMG 

*XMM 
*PCP 

*XMV 
*XKG 
*XB 

**RN(1) 
**RN(2) 
**RN(3) 

DTIME 
KBAL 

MODE 

**NNOZ 

Description 

Estimate of initial chamber pressure 

Theoretical C* 
Theoretical tlerne temperature 
Specific heat of the gas only 
Specific heat of combustion products 

Ratio of specific heats 
Moles of gas per lOOgm of products 
Moles of products per lOOgm of products 
Moles of condensed phase per 100 gm of 
products 
Gns viscosity 
G*s thermal conductivity 
Nozzle erosion parameter, ft 

Nozzle entrance radius 
Initiai nozzle throat radius 
Nozzle exit radius 

Not used 
Logical unit number for Internal informa- 
tion transfer (set equal to 8 in MC module) 
Integer used for control of Internal informa- 
tion transfer.   (Set equal to 0 in MC module) 

Number of nozzles 
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Units 

lb/in2 

ft/sec 
°K 

Btu/mol/'R 
Btu/mol/°R 

mol/100gm 
mol/100gm 
mol/lOOgm 

lb/in/sec 
Btu/in/secAR 

in 
in 
in 
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2.7.2    Grain Geometry Inputs 

The data c^rds required to define the initial grain geometry are divided in- 

to two categories:   (1) Initial data cards and (2) Figure cards.   This input must be 

preceded by a title card.   This title card is not used, however.    The title card de- 

scribed in Section 2.1 is used instead. 

2.7.2.1   Initial Data Cards 

INHIAL is punched on the cards starting in column 1.   These cards con- 

tain data which define the region in a coordinate system where the surfaces will 

be located plus data which control the limitations and X, Y and bum Increments. 

The burn interval may be divided into a maximum of four sub-intervals; e.g., BO, 

Bl, B2, B3, B4, where the Kth sub-interval (the interval defined by BK j, BK) 

would be divided Into NB^ parts.   This may be desired where, for example, it is 

obvious that a complicated shape will bum into a simple shape, warranting a 

change in mesh size to save computer time. 

The subscripting for X, NX and Y, NY is also identical* and is related to 

the burn intervals CJ follows:   for each bum tub-interval, a complete set of X and 

Y values must be preparod, thus the reason for the double subscript on these 

quantities,   TV procedure for tVe !Vst subscript is the some as for the bum and 

burn increments and the second subscript corresponds to the burn interval.   To 

illustrate, suppose the burn interval Is divided into two sub-Intervals BO to Bl to 

Bl with N31 ar.i NB2 parts; thus, two sets each of X ^nd Y data are required, es 

follows: 

Interval BO tc Bl: 

X01, Xll, NX11, X21,  NXJl, X31,  NX3I upt0X41,  NX41* 

YOl, YÜ,  MYli,  Y21,  .   ..  Y4i,  NYU 

Interval Bl to B2: 

X02, X:2, NX):, Yul,  NX? 2 *♦?., XX42 

Y02, YI2, NY12 Y42, NY.2 

♦EXCEPTION:  When the only burn interval is from BO to Bl it is possible to have ;p 
to sixteen changes in the X interval.   The subscripting *m the X input would bo as 
follows: 

Prom one to nin * interval changes:        Trum ten to sixteen changes (continulnu) 

X01 Xll NX11      X61 NX61 X03 NX£3 X43 NX63 
X21 NX21 X71 NX71 XI3 NX33 X53 NX73 
X31 NX31 X81 NX81 X23 NX43 X63 NX83 
X41 NX4i X91 NX91 X33 NX53 
XSl   KX51 
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where X01 ■ beginning X 
XI1 = ending X 

NX11 = number of intervals in between X01 and XI1 
X21 = next ending X 

NX21 * number of Intervals in between XI1 and X21 
etc. 

If too large a mesh size is specified a plot of surface area, or pressure« 

versu? burn distance, or time, will reveal a saw tooth effect. 

effect of mesh being 
too coarse 

actual motor 

To avoid this situation the maximum X and Y increments should be based on the 
following criteria:  the maximum X and Y increments, in order that a step or saw 

tooth effect in the plot of surface area or pressure versus bum distance or time 

is not obtained, are: 

max AX «  A,B esc A 
max AY «  AB sec 9 

where 9 is the angle between the X axis ard the line tangent to the point of in- 
tersection of th* actual void and the representation figure that constitutes most 
to the surface area in the region. 

actual surface 

fitting surface 

max AX 

2-31 



It is not necessary for the number of increments of X and Y corresponding 

to the first bum interval to equal the number of Increments of X and Y correspond- 

ing to the second burn interval and also for any more burn intervals.   The restric- 

tions on X and Y are that the initial and final values for X are equal and the initial 

and final values for Y are equal.   To Illustrate, suppose the following case: 

For the interval BO to Bl: 

X01   =  0.0 

Xll   =   5.0 

NXli   =   10.0 

X21   =   10.0 

NX21   =   6.0 

For the interval Bl to B2: 

X02  =  0.0 

X12   =   10.0 

NX12   =   10.0 

In this case X01 = X02 and X21 = X12.   The same idea follows with Y. 

The» number of bum intervals must be a whole number, and the number of X and 

Y increments must be whole numbers, and the X and Y increments must be even whole 

numbers. 

The burn interval, or sum of burn sub-intervals, constitutes the total pro- 

p«*Mant web.   Thr number of burns, KB, determines the frequency of geometry out- 

put; thus, NB 20 will yield answer? for each $-' of web burned.   This is not to bo 

confused vuth NX or N\\ wMch define the calculation*! resh at a given time or 

web burned, or with separate conuoi of ballistics output. 

The computational time will hv p-oportlonal to the product of the number 4 

X an i Y increments.   In other words, if both «re doubled, the time will increase by 

roughly *\ factor of 4. 

2.7.:.2   Figure Cards 

The first card for each surface contains the names of the figure starting in 

column 1.   The cards immediately following contain the data defining the figure 

mvi how it will burn.   The first card contain.* information of whether the figure is 

to consist of propeilant or void.   If the figure Is to consist of propellant, a CR is 

punched In columns ''9-20 and the figure Is considered to burn Inward; otherwise 
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the figure Is considered void and burns outward. 

The burning of the figure is controlled on a BURN card.   A figure may burn 

In any combination of the following types of burning.   (This card Is used only If 

a figure is to be burned In a special manner.) 

Type 
Burn 

Variables 
Name 

Columns 
Value 

Columns 
Burn 

Considered Action 

Nonburnlng NB Bum = 0.0 No burning occurs In 
the figure. 

Delayed burn DB a Burn « B-a The figure Is delayed 
In burning the speci- 
fied amount (a). 

Rated burn 

Corner rounding 

RB 

CR 

b Bum - (B)(b) The figure Is burned 
b times as fast (or 
slow) as the normal 
bum. 

The figure (prism, 
cone or cylinder) Is 
backed-up the distance 
c and then burned out 
again the distance. 

c 

The data defining the figure Is contained on the DATA cards. Punched In 

columns 1-4 of these cards Is the word DATA. These cards will contain the control 

characters XI, X2, X3, Yl, Y2, Y3, Zl, Z2, Z3, R, Rl, R2, H. The X, Y, and Z 

characters define points In an X, Y and Z coordinate system. R is the radius and H 

is for prism height. In the case of a cone, where two radii are required, Rl and 

R2 are used. When R1-R2; e.g., in a cylinder, the R Is used, which will cause 

the same value to be stored In Rl and R2. 

The figures the program will handle and their inputs are: 

Cone (right) 

Cylinder 
tight) 

Two oolnts (the center of two bases) XI, Yl, Zl 
X2, Y2, Z2 

Two radii (the radius of the two bases)       Rl, R2 
(Rl Is radius at point 1 and R2 Is radius 
at point 2) 

Two points (the center of the two bases)    XI, Yl, Zl 
X2, Y2, Z2 

One radius (the radius of the cylinder)       R 
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Prism (right 
triangular) 

Throe points (corners of bisecting 
plane) 

XI, 
X2, 
X3, 

Yl, Zl 
Y2, Z2 
Y3, Z3 

Height of prism H 

Sphere One point (center of sphere) XI, Yl, Zl 

Radius of sphere R 

2.7.2.3   Propellant Periphery and Exposed Insulation 

The complete description of the motor geometry requires a series of cards 
in the form of a table of outer propellant radius versus axial position.   The X con- 
vention should be consistent with that describing the configurations above, but 
the number of entries need not be consistent with NX.   Only the extremities in X 
need be consistent with those on the initial *INIT) cards.   Up to 100 entries are 
allowed; however, far fewer will generally suffice. 

Insulation area exposed as the web burns is not computed, but may be in- 
put in the form of a table.   (See Section 2.7.3, T^ble 2-10) 

2.7.3   Ballistics Inputs 

2,7,3.1   Input Scheme 

Following tie last card containing groin der» 1cm information, but preceding 
the ballistics input, a card containing the word C'QMPUTE, starting in card column 
1, must appear. 

The ballistics input Is controlled from subroutine* TAMN, but Is actually 
read in subroutine DATAIN, in the following sequence: 

1 TABLES Of DATA 
o 

O 
o 
TABLE 
COMPLETION CODE 

I 
INTEGER INPUT WORDS 
SET COMPLETION CODE 

I 
DATA INPUT WORDS 
SET COMPLETION CODE 
 1  
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I RETURN TO READIN 
"—^j— 

TRANSFER N-Z WORDS 
TO WORKING REGION 

"IT 
DATA INPUT WORDS 
SET COMPLETION CODE 

lfe£TURNI^TMAIN3 ) 

All of the data tables (1) are read first, with a limit of 50 tables and 30001Q words 
of storage, both about three times more than normal input for one case.  The tab- 
S.*t input is assumed to continue until a READ IN completion code (loc. 4*-l) is 
given«   The input in the remaining two sets (2) and (3) is then interpreted in the 
program«  Integer words (2) are logic controls for the calculation, and data words 
(3) include coefficients, constants, and some problem logic control words, to be 
described in detail in subsection 2.7,3.2. 

The input is transferred tc working storage in the main program (4) if non- 
zero (nz) values are given.  As a result, only changes in the problem are needed 
in successive cases.  Also, only input pertinent to the case and options to be 
used is required, so unneeded input can be completely Ignored.   Since zero input 
is Ignored, no "filling" is required, but values in the cards do no harm if desired 
for column allgnmert, etc.  One limitation in the method is that options can not 
be "turned off" by inputting a zero in a later card.   The node points are derived from 
the NX values in the grain design Input.   Points defining ladlal slots include one 
point at the end of each grain segment and on* (only one) in the slot.   The number 
of NX increments Is given as -2.0 for the special case of a radial slot to key the 
logic.  Once accomplished, the number is made positive and the grain design 
program operates as usual. 

2.7.3.2  Details of Input 

In this subsection, the mechanics of card format and table input are con- 
sidered; then the parameters and requirements are specified. 

ÜBÜtt 
Three card input formats are used by the program, 
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4 (12, 14, 6:0, 12, 28A Logic, first of set 
6 (12, 14, 6X), 12 Logic, remaining cards in set 

6 (12, F10), 12 Data 

For either logic (integer) words or data cards, the Input is interpreted as (loc for 

location). 
3-12 13-14 1-2 

loc, 

12, 

input 
value 

loc 

14, 6XorF10 12 

The input cards are read in sets, and a set is assumed to continue until 
a completion sign is encountered.   Two completion signs are recognized: 

(i)        A blank card 
(li)       A negative location, i.e., location 

on the card 
-1 in any of the 12 fields 

Note that the completion sign for the group of tabular inputs is different in mean- 
ing and form { fa4. b _j in 12, 14). 

Rules governing the interpretation of a card set Include: 
Any number of cards may form a set 
Any order of locations is acceptable 
Zero values of input are ignored 
If locations are repeated, the last value of input is used (overwrites) 
If a location is blank but data is given, a sequenced list is assumed, 
so the following two cards are equivalent: 

1 10.       2 11.       3 12.       -1 
1 10. 11. 12.       -1 

The sequencing doer not follow from card to card, so the first location on the 
next card must be given. 

Tabular Data 

Data tables are assumed of the form z«f (x, y).   Tables are termed rec- 
tangular If the number of x arguments in the rows is the same for each of the col- 
umns of y arguments.  A non-rectangular table, then, has a varying number of x 
arguments in the columns. 

The card sets to input a table are given in Table 2-9 with the location 
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Table 2-9 Input of Tabular Data 

Input for Form Z = f (X, Y) 

Input Type Input Description 

Integer card set Required Control constants 

Data card set Required If NY > 1 Omit If NY=1 Y values 

1 Data card sets 1 set If rectangular NY sets If 
:         nonrectangular 

X values 

Data card sets NY sets required Z values                   j 

NOTES: 

Integer Cards 4 (12, 14, 6X), 12, 28A; 6(12, 14, 6X) 12 

Location Inp-Jt Description 

:!       l I     Required Table number (see Table 2-10) 

3 j     Optional Key to LOG-LOG Interpolation (+) 

i        4 Optional Table type n on-rectangular = (+) (Note that (-) 
Is key to end table inputs) 

1        5 Optional Number of Y (columns) values, required If NY > 1 

6 Optional Number of X (rows) values, required If NX > 1 

7 to 25 Optional Number of X values in 2nd 19th Ycolumns, 
non-rectangular tables 

Data Card Sets 6 (12, F10), 12 

Location Input Description                                    | 

1        1 
Any 

Optional 
Required 

list of X, Y, or Z values scjuenced from Location 1 

Completion sign 

1. A table can degenerate to one point in X, Y, or botrw 
2. Interpolation Is linear with no extrapolation:  values at boundary 

of table are returned. 

3. A missing table causes Z=0 and one (only one) error message« 
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of the words In the sets.   The logic (integer) card set is always required and must 
include a table number and a completion sign.   The number of y columns (NY) in 
location 5 and x rows (NX) in location 6 must be given if more than one.   Location 
3 is used to key log-log interpolation if desired, and a (+) value in location 4 keys 
a nonrectangular table. 

Usually, one set of y values, one set of x values, and NY sets of z values 
compose a table.   If only one column is specified, the set of y values is omitted. 
It a non-rectangular table is specified, the number of x values in each column 
must be given, starting in location 7, and an x argument set is required for each 
y argument. 

Assignment of Input Tables 

The numbers of input data tables are assigned in the subroutine MAIN3 due 
to compiled-in constants in the call statement: 

CALL TAB (X, Y, Z, NO) 
The correspondence ox input data and the table numbers, NO is given in Table 
2-10 with the FORTRAN symbol and assumed arguments of the tables.   In Table 
2-10, data that is designated as "optional" is needed only if the related option 
is specified.   Data that is designated as requireü is almost always needed since 
zero values of the parameter (Z) are rarely meaningful; the possible exception is 
the list of times of datailed output where no input results in printout at all time 
steps. 

Integer Inputs 

A series of integer words may be input to control program options, as shown 
in Table 2 -11.   Loc (4)-NUM(4)=-l is the required input to indlcato the end of data 
tables.   Vhe none number of each radial slot is required input.   Other input in Table 
2-11 is used only if the particular option is desired. 

Data Input Words 

Up to 99 data (real) word locations are provided to complete the input 
constants and control options in the program, as listed In Table 2-12.   Note 
that one data set is used, regardless of the number of cards, as discussed earlier. 
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Table 2-10 Input Table Assignments 

1 Table 
No, Function Input Z Symbol )L Y           j 

1     1 Propellant strand burn- 
ing rate at conditioning 
temp. 

Required RO Ptt) ! 

2 Pressure exponent Required SLOPE PC) - 

3 Motor geometry (grain 
outer radius) 

Required R(l) X123 ii 

{     4 Insulation area Optional ]           AI TIME - 

!     5 Time increments Required j        DT TIME ! 

j     6 Time of detailed output Required TLIST TIME - 

7 Throat area table Optional i    AP (NN); 
KODE=5 

TIME -                        \ 

\     8 Slot burn rate correction Optional DR WEB 0) X(I) 

1;   13 Slot diameter Optional DSLOT TIME Ana)     | 
14 Slot burn-back correction Optional DX WEB(I) AFKL+10) 

Table 2-11 Inteaer Input Parameters 

8       Location Symbol Input Description                         ! 

1   Num (4) - Required (=-1) indicator of end of tables 

|   Num (5) Ign Optional Key (+) for Ignition dt option        | 

]   Num (11-20) Optional Node number of radial slots 

\   Num (21-30) Optional Propellant number for following 
segment                                         J 
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Table 2-12 Data Input Parameters 

!       Location Symbol Units Input Description 

Z(l) TSTOP sec. Required Calculation run (expected burn) 
time 

2(2) TRISE sec. Optional Time of rapid pressure rise 
(Ignition rise), an aid to con- 
vergence 

2(3) CONV — Required Convergence ratio (.00005-.005) 

?Ah) PAM3 lb/lna Required Ambient pressure 

2(7) KODE Required Nozzle material 
1. carbon phenolic 
2. ATI Graphite 
3. p yrol yt ic gra ph ite 
4. non-eroding 
5. a table of erosion rate is to 

be input 

Z(8) KODE 1 — Required 1. if fully Insulated motor 
2. If uninsulated 

Z(9) KODE 2 Required Binder type 
1. PBA Binder 
2. HTPB Binder 
3. CTPB Binder 
4. NC Binder 
5. PU Binder 
6. PGA/NC Binder 
7. NF Binder 

Z(10) ALUM per cent Requires Aluminum concentration 
Z(ll) MMO gm/mole Required Molecular wt. metal oxide 

2(12) TAMB °K Required Ambient temperature 
Z(13) FACTOR -- Required Loop gain ratio 
Z(14) PSTART lb/ln? Required Trial value of  motor pressure 
Z(15) ETAF fractional Required Nozzle efficiency; 1.000 in 

the Integrated mode 
Z(16) RHO lb/In3 Required Propellent density 
Z(17) RHOI lb/In3 Optional Insulation density 
Z(18) RI In/sec Optional Insulation ablation rate 
2(19) ANOZ In2 Optional Projected nozzle surface area 

for reradiatlon to propellant 
Z(2U) ETAIN fractional Required Recovery efficiency for radial 

slots 
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Tatye 2-12 Data Input Parameters (Continued) 

i    Location Symbol Units 1       Input Description 

Z(21) Cl In/sec Required Erosive burning constant 

Z(22) C2 — j     Required Erosive burning exponent                   1 

1     Z(23) RHOAMB lb/In3 Required Ambient gas density                            1 

Z(24) cs BTU/lb°R Required Heat capacity of propellant 

Z(25) TSUP °K Required Propellant surface temperature           S 
(850 for AP-composlte, 520 for 
double-base) 

Z(26) ALPHA InVsec Required Propellant thermal dlffuslvlty 

Z(41)-Z(50) AF "" Optional Key word for radial slot ig-                j 
nitlon, 10 forward faces, 10 
aft f3ces (value = Ignite)                   | 

|     Z(71)-Z(80) AH in Optional Table argument value for up to 
10 radial slot Ignition diameter 
Inputs (key to Input table number 
13).   Ignited diameter becomes re- 
quired input if slot face is burning. 

Z(91)-Z(100) 

i 

Optional Key word to suppress pressure 
rise down the port.   Requires            i 
definition of slots and segments 
to function.                                         1 

Termination of Ballistics Data Set 

Following the last card containing ballistics input a card containing the 
words END 0F PR0GRAM, beginning in card column 1, must be inserted. 
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2.8        0DK INPUT DATA 

0DK input data is required only in 0DK = 1 as specified in the $PR0B 

namelist set. 

2.8.1    SPECIES 

Species used by the computer program are determined in several possi- 

ble ways, depending upon the problem type.   Methods used to determine 

chemical speciec for each problem type are discussed below. 

gDK= 1, IREQ = 0 

For <#DK problems, species names and concentrations must be input, 

see Section 2.8.1.1 

0DK « 1, IREQ z 1 

For QfDE (restricted) - 0DK problems, the initial start conditions for 

the kinetic expansion are obtained from a restricted equilibrium calculation. 

The species list generated by the equilibrium calculation generally contains 

many more species than the 40 species for which the (ZDK subprogram is dimen- 

sioned.   Therefore a selection process is required to interface the GtoE calcu- 

lated equilibrium start conditions with the 0DK kinetic expansion calculations/ 

This selection is performed using the following rules: 

Kuie 1   If a species appears in a reaction, it is selected for the 
kinetic calculation. 

Rulr; 2   If a species is specified using INERTS directive it is 
selected for the kinetic calculations. 

Rule 3   If any species has a mole fraction greater than an input 
criterion, it is selected for the kinetic calculation. 

Species which art selected but whicr do not appear in a reaction are treated 

as inert and listed as such on the output list of selected species. 
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2.8.1.1 (*DK OPTION FOR INPUT OF INITIAL SPECIES CONCENTRATIONS 
(APPLIES TO THE CZfDK ONLY PROBLEM) 

This input begins with a single card with SPECIES in columns 1 through 

7 and with either MASS FRACTIONS or M0LE FRACTIONS in columns 9 through 22. 

If the identifier for mass or mole fractions is omitted, mass fractions are assumed. 

Up to 40 species cards may be input.   Only those species specified by input 

species cards will be considered for an fijfoK problem.   The order of the input 

species cards is independent of the order in which the species appear on the 

master Thermodynamic Data file. 

A chemical species is identified symbolically by 12 alphanumeric char- 

acters and must correspond identically with the species name as it appears on 

the Thermodynamic Data file.  A complete list of the current species names are 

listed in Table 2-4.   The species symbol may not contain the characters * or =. 

Col Function 

1-10 Not used 

11-22 Species symbol (left-Justified) 

23-30 Not used 

31-60 Value of initial species concentration (if zero 
must be input as 0,0) free field F or E format 

61-80 User Identification if desired 

2.8.2   REACTIONS 

Chemical reactions must be input for an 0DK problem. 

Up to 50 reactions with an implied third body and a total 150 reactions 

may be input to the program.   Only one card per reaction, and only one reac- 

tion per card is permitted.   Cards specifying third body reactions must precede 

cards specifying all other reactions.   Species names appearing in the symbolic 

reaction set mur  correspond identically with the species names as they appear 

in the master Thermodynamic Data (see Table 2-4).  A card listing for a sample 

reaction set is presented in Table 2-13. 
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Table 2-13     Sample Aluminized Propellant Reaction Set 
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The symbolic reaction set contains directive cards and reaction/data 

cards in groups as outlined below: 

REACTIONS 

END TBR REAX 

Directive for start of symbolic reaction 
input 

Reactions with implied third body species 

Directive for end of third body reactions 

All other reactions 

LAST REAX Directive for end of reactions 

INERTS Specified Inert species 

THIRD B0DY REAX RATE RATIOS Directive for start of third body reaction 
rate ratios 

Third body reaction rate ratios 

LAST CARD Directive for end of REACTIONS input 

The content and format of each type of card is defined as follows: 

2.8.2.1 The symbolic reaction set begins with a r*rd containing the word 

REACTIONS in columns 1 through 9.   Other columns on this card can be used 

for comments. 

2.3.2.2 Each card defining a reaction is divided into five fields, separated 

by commas.   Each field contains: 

field 1 

field 2 

field 3 

field 4 

field 5 

a reaction 

A = followed by a value of A 

N ■ followed by the value of N 

B - followed by the value of B, the 
activation energy (Kcal/mole)   t 

available for comments 

rate parameters 
for the reactions 

The general form of a reaction is: 

Nj 'Symbolj + N2 *Symbol2 + ...   * Nft *SymboIa + Nfe *Symbolb 4 .,. 

where the left hand side represents reactants and the right hand side represents 

products.  The reaction can be either endothermic or exothermic. 
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The multipliers, N, must be integers and represent stoichiometric 

coefficients.   If no stoichiometric coefficient is given, the value 1 is assumed. 

The dimensioning currently in the program requires that: 

Nj +N2 + ...  S 10 

and 

N    + N.   + ...   S 10 
a       D 

The chemical species (denoted by the word "symbol11 in the above gene- 

ral form) can contain up to 12 characters, each of which must match a species 

name contained in the thermodynamic data (see Table 2-2, card 3).   Examples: 

Reaction Interpretation 

NA++C?--*flACL Na+ + Cl" * NaCl 

R+2+0-2=B0 B++ + <f~ = B0 

BE+2+2*0H-=BE0H0H Be** + 20H* = Be(0H)2 

The value assigned to A, N, B defines the forward (i.e. left to right) reaction 

rate, k, as 

k   = A . T-N . e-U000BAT) 

in units of cc,    K, mole, sec. 

All three reaction rate parameters must be input.   The numeric value of each 

parameter may be specified in either I, F, or E format.   If E format is used, 

tho I must appear before the exponent. ; 

2.8.2.3     The reactions with an implied third body must precede other types of 

reactions, and imut be followed by the directive (columns 1 through 12): 

Col 1    I 

END TBR REAX 

all reactions prior to the above directive will have a third body term added to 

each side of the reaction, e.g., 

2-46 

^wtwdhAl^ 



H2 = H +H, ... 

END TBR REAX 

defines the chemical reaction 

H2 + M    =H + H + M 

where M is a generalized third body.   Specific third body effects may be 

included by lnputing specific third body reaction rate ratios as outlined in 

2.8.4.   Cards encountered after the END TBR REAX directive card do not have 

a third body term added. 

2.8.2.4 All other reactions are input next, exactly as. described under 2.8.2.2. 

2.8.2.5 After the last reaction has been defined, a card with LAST REAX in 

columns 1 through 9 is input. 

2.8.2.6 Reaction rate data for 14 dissociation-recombination (implied third 

body) reactions and 59 binary exchange reactions are listed in Table 2-13 for 

propulsion systems containing elements C, N, O, H, Cl and Al.   Cards can 

be abstracted from Table 2-13 for input to the computer program.   For the 

implied third body reactions, the third httjy for which the rate applies is indi- 

cated in parenthesis in the comment field (M represents a "generalized" third 

body). 

2.8.3   INERT SPECIES OPTION 

Inert species (i.e. species not appearing in reactions) can be included 

in the input by input of a card with INERTS in columns 1 through 6 followed by 

a list of inert species names. The species names must each be followed by a 

comma and each name must be written exactly as in the master thermodynamlc 

data. The last comma must be followed by the word END. See Table 2-14 for 

an example. The species list can continue en to the next card, but a species 

name cannot overlap onto the next card. 
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2.8.4    THIRD BODY REACTION RATE RATIOS 

As described above in Section 2.8.2.2 for the j    reaction only one 

reaction rate, k r where 

can be input.   For three body recombination reactions such as 

H + 0H + Mi =  H20 + Mi 

the rate of reaction is in general different for each species, M , depending 

upon the efficiency of the species, M., as a third body collision partner. The 

temperature dependence of a recombination rate is approximately independent 
th th 

of the third body; i.e., for the i    third body and j    reaction: 

th £    iL   ,th The third body efficiency of the i    species for the j    reaction is then defined as 

mtJ  ■ A../A. 
iJ ij    J 

Thus m    Ir, the ratio of the reaction rate with species M  as the third body to 

tlv? reaction rate input on the reaction card described in Section 2.8.2.2. 

If reaction rate ratios, m ., are to be input ici the dissociation- 

recombination reactions, a card with TH'RD BODY REAX RATE RATI0S in columns 

1 through 27 must be input next,   {f this card is deleted from the input, the 

program assumes all m    ••-■ 1.   If this card is included in the input, it must be 

followed either by i card with ALi »:QUAL 1.0 in columns 1 through 13 (which 

sets all m    = 1) or by SPECIES cards as described below. 

The m    can be input using a card with the word SPECIES in columns 1 
th 

through 7.   This vord is followed by the name of the i    species followed by J 

comma, followed by the values m   in F format» each followed by a comma. 

These m   values can be continued onto succeeding cards.   Note that the m 
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TABLE 2-14      LISTING OF SAMPLE REACTIONS CARDS FOR AN 0,/H0 PROPELLANT 
Z  2 

Äe?.mi3t N*0t 
A«S«7«SE)?« ^«o# 
A*7«33El?« K'B<). 

A«l#3F.13 t *«*<)• 

REACTIONS 0-H MAY 3-4 197? 
H ♦ OH « H20 • A«7.5E?3 
0 ♦ M « OH t A«4«oElA 
0 ♦ 0 » 02 • A«1«2E17 
H ♦ H « H?       t A«6.4El7 

END TBR &E*X 
H? ♦ OM  c H ♦ HJ>0  • 
OH ♦ OH  R 0 ♦ M£0  t 
H ♦ OH  n 0 ♦ Hg   t 
0 ♦ OH  • H ♦ 02   t 

LAST PEAK 
fNERTS N*«AP*ENO 
THtPO HO0Y REAX RATE RATIOS 
SPEflFS AR«1.»l««l«tlo 
SPECIES H?tS«t5«tS««4«« 
SPECIES H?0!?0t#3tt5.t<'ft*t 
SPECIES 02«*;o$.t4.5«l«5« 
SPECIES N2i4.t4o4.il,5« 
SPECIES Mtl?.5il2t5tl2.*.?5«t 
SPECIES OtlS.St^Stl?«*^*.! 
SPECIES 0Hti2.^il2aqtl2.5t2S99 
LAST CAPO 

JAMNAF PSW6 
N*2«6 

N«l« 

R*Ot« 
.R«0«# 
RB0«t 
B»Ott 

R«5.1*t 
B««7B<)f 
R«7.300t 
B*Ot# 

(AR) 
CAR) 
CAR) 
CAR) 

RAULCH 
BAULCM 
BAULCH 
BAULCM 

MO« 
NO« 
NO« 
NO« 

NO« 
NO« 
NO. 
NO« 

c 
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values depend on the order of input of the reaction cards« i.e. the ]    reaction 

is defined by the j    card input after the REACTIONS card. 

Table 2-11 gives a sample input for a hydrogen/oxygen system using 

third body reaction rate ratios.   In this example the three body recombination 

rates are input with argon as the third body.  The rate with H- as a third body 

is a factor of five larger than with Ar as a third body for the first three reactions 

and a factor of four larger for the fourth (hydrogen recombination) reaction. 

At this point in the data input deck« a card with LAST CARD in columns 

1 through 9 must be input. 

2.8.5   $0DK NAMELIST INPUT 

$ÖDK Namelist input specifies the conditions for the kinetic expansion 

calculation.  The input is read in subroutine GtoKINP and consists of the follow- 

ing groups of data as outlined below: 

2.8.5.1 Inlet« Throat, and Expansion Nozzle Geometry 

2.8.5.2 «Integration Control 

2.8.5.3 Print Control 

2.8.5.4 Species Selection and Mass/Mole Fraction Check 

2.8.5.5 0DK Problem Input 

2.8.5.1     INLET, THROAT, AND EXFANSION NOZZLE GEOMETRY 

The nozzle geometry is defined in Figure 2*2.  At the tangent point 

where the nozzle is attached to the throat section either a cone, parabola, 
circu'.at arc, nozzle defined by a wail table may be input.   Two radii of curva- 
ture for t*e throat wail (upstream and downstream) are allowed in ODK (TD2P 
allows only a single radius oi cutvature). 

Certain of the $0DK Namelist items are communicated from the $GZ0M 

Namelist data set.  These items will be prefixed with a plus (+) sign.  Input 

of any of these data items in the $0DK Namelist set will override the values 

input in the $GECfM Namelist in this calculation module only. 
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Item Name 

+RSTAP 
+RWTU 

+RWTD 

+THETAI 
4RI 

For a Conical Nozzle Option 

Item Name 

+IWÄLL -   1 

+THETA 
+EP 

Input Quantity Units SI Units 

throat radius inches meters 

upstream normalized none none 
wall throat radius of 
curvature* 

downstream normalized none none 
wall throat radius of 
curvature** 

inlet angle degrees decrees 

normalized inlet wall none none 
radius of curvature 

Input Quantity Units 

EPS 

requests cone option none 

cone angle degrees 

nozzle expansion ratio 
(5400).   If EP is input, the 
0DK expansion will be 
through EP. 

set equal to EP none 

Note:   Parabola (IWALL=2) und circular arc (IWAIX-3) options are available 

only through use of the $GEOM Namelist. 

*Thr uansoruc analysis requires that a value of RWTU £ .5 be input.   RWTU ~ 
RWTD if data comes from $GE0M. 

**if a corner expansion (i.*. Prandtl-Meyer fan) is desired, a value of RWTD = 
,uS is recommended.   Experience has shown that values smaller than this yive 
the. same result but are computationally less efficient. 
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For a Contoured Nozzle Option 

Item Name Input Quantity Units 

+IWALL             - 4 requests contour option none 
+THETA wall angle at tangent point degrees 
+THE wall angle at exit degrees 
+NRZS number of points in 

table, £20 
none 

+PWRS(2) normalized radial wail 
coordinate table* 

none 

+PWZS(2) normalized axial wail 
coordinate table* 

none 

RZN0RM optional normalization none 
factor for input wall 
coordinate tables 

2.8.5.2    INTEGRATION CONTROL 

The program begins its calculations using an implicit integration 

method to integrate the fluid dynamic and chemical relaxation equations. 

For near equilibrium flow an implicit method is used since it is inherently 

stable.   However, once the flow has become sufficient frozen, explicit 

methods become numerically stable and can be used more efficiencly.   The 

program uses temperature as a freeze criterion in order to switch from an 

implicit to an explicit method.  This criterion is T < TF.XPLI where TEXPLI 

is assumed 0°R but may be input.   The program always prints the axial posi- 

tion at which the switch occurs.   For high area ratio nozzles this procedure 

can be especially useful. 

The integration routine controls the step size such that the relative 

error in the dependent variable increments are less than a prescribed fraction, 

DEL.   Only doubling or halving of the step size is permitted, and on option, 

etttttr all the variables may be considered (JF*0), or only the fluid dynamic 

variables (JF~1) may be considered. 

♦PWRSU) and PWZS{1) are internally computed at the coordinates of the contour 
attachment point. 
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When the flow becomes supersonic and the area defined fluid dynamic 

equations are used, an additional check on continuity is applied in the form 

(PVA)N+1 - (pVA) N 
(pVA) N+l 

C0NDEL 

where C0NDEL is an input relative criterion. 

The step size is held between the two input bounds HMIN and HMAX. 

Fixed step cases may be run by setting input values for HI, HMAX, HMIN all 

equal. 

Item Name Input Ouantity Units 
Assumed 
Value(s) 

HI = initial step size none .01 

HMAX - upper bound on step size none 0.10001 

HMIN = lower bound on step size none .005 

DEL = fractional incremental none .001 

TEXPLI 

C0NDEL 

IF -   0 

-   1 

error 

temperature below which R 
explicit integration will 
start 

relative error criterion for        none 
continuity check for super- 
sonic flow 

all variables considered none 
for step size control 

only fluid dynamic variables    none 
considered for step size 
control 

1x10 

0 

-6 

2.8.5.3     PRINT CONTROL 

Output from the Kinetic Expansion Calculation consists of complete 

output for each print station selected.   The end point of the nozzle is always 

printed.   Print stations are selected irom one of the following options: 
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Item Name Function 

JPRNT =  -2 print throat and input area ratios 

=   -1 print at internally set area ratios for conical 
nozzle.*   Print at input wall contour points 
for contoured nozzles 

* 0 print at every integration step 

=  +1 print every ND3rd step up to the throat and 
then nominal area ratios 

* +2 print every ND3rd step over entire nozzle 

If JPRNT is +1 or +2, the following must be input: 

Item Name 

ND1 

ND2 

ND3 

Function 

first integration step to be select«! for 
print 

last integration step to be selected faff 
print 

print every NDM step between HDl tod 
ND2. 

If JPRNT is -2, the following must be input: 

Item Name 

+ARPRNT(1) 

+NJPRNT 

Function 

requested area ratios for print« must 1M 
monotonic increasing and greater than 1.0 
(usually entries are the same BM thote 
used in SUPAR of $GfDE). 

number of area ratios requested for pHat 
5100. 

Assumed 
Value (s) 

-1 

An extended print option may be selected as follows: 

Item Name        Value        Function 

IDYSCI s  0 no extended print requested 

extended print option selected (not suggested) 1 

♦For IPRNT «-1 and a conical nozzle (i.e. IWALL ** 1), the internally aet area 
ratios are: 
ARPRNT(l) Ä 2,M»..w39*40f42#...,58,60,64,..ai6«l*0#lll,...#MMl+* 
220,.*.,400,412*444. 
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2.8.5.4     SPECiES SELECTION AND MOLE/MASS FRACTION CHECK 

In order to interface 0DE equilibrium calculated start conditions with a 

the kinetic expansion calculations, special consideraiion must be made for 

inert species (those not appearing in the reaction set).   Inerts may be selected 

explicitly by use of the INERTS directive or by use of a relative selection 

criterion.   The INERTS directive is described in Section 2.8.2.5. 

The relative selection criterion is described below: 

Item Name Function 

EPSEL = all species which do not appear explicitly 
in the reaction set but whose mole fractions 
are greater than the input value for EPSEL, 
will be retained for the kinetic expansion. 
Species selected under this criterion are 
treated as inert.  The program assumes 
EPSEL - 1.0E-5, unless input. 

In some instances it may be desirable to use input species concentra- 

tions which do not sum to unity.   Species concentrations! either input or from 

equilibrium start conditions, are summed and the sum checked as described 

below: 

Item Name 

XMFTST 

Function 

input species concentrations are summed 
and checked versus unity using this input 
criterion.   If 

1 - L species concentrations   < XMFTST 

then the test is passed.  The species con- 
centrations will then be normalized such that 
YJ species concentrations * 1 • 

\hv program assumes XMFTST ~ 1.0E-3, unless input. 

If the test is not passed, an error message wiM be given and the run 

terminated. 
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2.8.5.5     0DK PROBLEM INPUT 

This input is required when an GfDK calculation is requested without 

restricted equilibrium start conditions being requested.  A kinetic expansion 

from input arbitrary start conditions is to be computed.   In addition to the input 

items described in Section 2.8.5, an 0DK problem requires input of those items 

described in Sections 2.8.1 and 2.8.2. 

Input Quantity 

chamber pressure 

initial temperature 

initial gas velocity 

pressure table calculated 
internally 

pressure table input 

ECRAT s initial contraction ratio 

For JPFLAG • 0 option, the following must be input: 

Item Name Input Quantity 

Item Name 

PC = 

T s 

V = 

JPFLAG =  0 

*   1 

Units 

PSIA 

°R 

ft/sec 

none 

none 

none 

PI initial pressure PSIA 

PESTAR throat pressure PSIA 

For IPFLAG ■ 1 option, the following must be input: 

Item Name Input Quantity Units 

PTB(l) normalized pressure table 
entries* 

none 

ZTB(l) normalized pressure table 
coordinates** 

none 

NTB number of pressure table 
entries,  £127 

none 

Z initial axial position none 

'normalized to input chamber pressure, PC 
"normalized to input throat radius, RSTAR 
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2.9 Two-D:menslonal-Two Phase Flow (TD2P) Module Input 

Data required to execute the TD2P module Is read in under the namellst 
name $TD2. Certain of the input items described below are either communicated to 
the TD2P module by the GE0M, BAL,and/or 0t>E modules or are preset In the TD2P 

module. Hence, these data items do not necessarily need to be Input In the $TD2 
namelist set. However, any values that are input will override the communicated 

or preset values. 

The inpat data items to the TD2P module are as follows: 

Item 

$TD2 

Description Units Assumed 
Value(s) 

namelist name 

The following items are communicated from the 0DE or BAL module 
if 0DE or BAL=1. or 2. has been input in the $PR0B namelist. 

PR 

GMG0 

CAPN 

CPL 
TPM 

DHM 
EPM 

UGM 

TPS 

UGS 

PC 

TGO 
WPWGT 

XMLW 

Prandtl Number 

chamber gas viscosity coefficient 

viscosity temperature exponent 
liquid particle heat capacity (T >T    ) 
T    , particle solidification temperature 

pm 
latent heat of melting for the particles 

expansion ratio at which solidification of 
the particles begins in an 0DE type calcu- 
lation 

gas velocity at the 0DE solidification 
point 
gas temperature at some point after soli- 
dification has been completed. 

gas velocity corresponding to the value 
of TPS 

chamber pressure 
chamber temperaturo 

ratio of particle to gas weight flow 

molecular weight of the condensed phase 

none 
lbm/ft.sec. 

none 

ftVsec^R 
°R 

ftVsec2 

none 

ft/sec 

ft/sec 

0.0 

psia - 

°R - 

none - 

lb/lb- mole 101.96 

On the following geometric input data, the items proceeded by 
an asterix {*) will have been communicated by the GE0M or BAL 
module if they were input in the $GE0M namelist set or calcula- 
ted by the ballistics (BAL) module. 
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Inlet and Throat Parameters (see Figure 2-3) 

Item. 

DZI 

D2MIN 
NILP 

*RRT 

*RT 

SAUR(l) 

THFD 

♦TKID 
THIW 

THJD 

VAR(l) 

^AX 

11 

1} 
NTBL 

XITBL 

*XLSTAR 

Description 

Az, particle trajectory Integration step 
size 

vz  . , inlet step size parameter 

N., number of Initial line points 

R , throat radius of curvature.   A value 
RS 1 Is required 
r*, throat radius 

first estimates of x , u , ot, 8, and y 
for the special throat expansion. Re- 
quired only if 9. >Q, 

$*, faring angle (9*> 9. * >no faring) 
ftt, inlet angle 

9,   , intersection of Initial line and wall 
w 

ft., angle defining the zone farthest down- 
stream 

first estimates of x, u , a, H, andy for 
the zone farthest upstream 
zaxls' tntnrsection °* initial line and axis 
n.f number of upstream zones 
n1, number of downstream zones 

4 

number of points In the subsonic-tran- 
sonic region to be output for Input to 
the TBL module 

starting normalized axial position for the 
output to TBL 
motor L*. If Input In $GE0M, it will be 
ured unlnss It is calculated in the Bal- 
listics module.  In which case, the 
average L* from the ballistics module 
will be used.   A value Input here will 
over-ride previous values. 

n ■ 

Units Assumed 
Values) 

none .002 

none .002 

none 20 
none - 

ft - 

none ~.ld,l,.5 , 
.3,-1 

degrees 5. 
degrees 

degrees 12. 

degrees 9. 

none .3,0,0, 
.1..1 

none - 

none 3. 
none 2. 
none IS 

none - 

in m 

Characteristics Mesh Control Data 

DL 
DTWI 

DR 

M, maximum LRC mesh width none . 2 

&fl  , maximum flow angle change along degrees 3. 
thf'wall 

\r, maximum RRC mesh width none .2 
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[Va.table Input Name   | 

S      r* 
fif 

i   fi 
\ 

i 
\      Zaxls 

1      °J 

RRT           j 

RT 

THFD        1 

THID 

THIW 

ThJD 

ZAX 

THJW 

(o,o) (n#zaxl8) 

.3.     1 ; t d d P  "at Par.».. v  s 
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ItenL 

EW 

IMAX 

Nl 

N2 

cw' 

Description 

end of nozzle wall criterion 

1      , maximum number of iterations per 
mesn point 

n1# select each n,    LRC for print 

n2# print each n*" point on selected 

Units Assumed 
V*lMe(s) 

none .001 

none 5 

none 1000 

none 1 

Nozzle Wall Contour Data 

♦WALL 

PW(1) 

•EPS 

*THJW 

♦EPS 
♦KWMAX 

♦ZWMAX 

■       Option flag none 

0 » > tabular input (not allowed in $GE0M) 
1 * >cone 

2 » > parabola 
3 * > circular arc 
4 = >wall contour (spline) option 

If the wall Is to be input In tabular form (IWALLO): 

*        (rl# zj, wall coordinates none 

l » 1,2, .Mi n points, viz.: 
PW(l)*r1# z1# r2# zv ..., rR, zn# 0,0 

Note: 

a) always mark the end of the table with 
two zeros 

b) n w4 «s required 

r) always set rL*l+RRT{l-cos TÄW) and 
z.-RRTslnTOIW 

t 
*       E, nozzle expansion ratio none 

If a cone, parabola, or circular arc contour Is to be specified 

then: 
ft.   , attachment angle for the contour: 

3w 
e.g. for «* cone, the conical half angle 
c, nozzle expansion ratio (cone only). 

r      , nozzle exit radius (parabola or arc 
dltfft. 
z      , nozzle length from throat to exit 
(ßsrfbola or arc only). 

degrees 

none 

none 

none 
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Item Description Units Assumed 
Value(s) 

For a Contoured Nozzle 

*THE 

*NRZS 
*PWRS(2) 

*FWZS(2) 

wall angle at exit 

number of points in table, <■ 20 

normalized radial wall coordinate table 

normalized axial wall coordinate table 

degrees 

none 

none 

none 

Particle Data 

ITCfT 
SMP 

Ml) 

number of particle groups to be considered none 

lbm/ft3 

ft 

particle density 

WPWT(l)    = 

r   , the radius of each of n particles is 
to'be input so that r   < r     .. .< r 

pl     p2 pn set r       = 0. n < 10 is required. 
pn+l 

w   /Cw   , particle weight flow fractions     none 
Pj       Pj 

corresponding to each of the above particle 
radii, r 

5 

250. 
0.0 

Note:   The mean particle diameter <ind distribution will be calculated from the 

following data if R(l) »0*0,   The equation 

d   «XK 
P 

?C?EXP . (4)XIEXP (1-EXP(XL*XLSTAI9) 
*(l+24*XD.r*) 

is used to calculate the mean particle diameter in microns. 

XK 

• • 
AL 

XD 

XILXP 

constant In the dM calculation P 

constant hi ehe dM calculation 
P 

constant In the dM calculation 
P 

constant In the d_ calculation 
p 

microns 

psira{F 

none 

in"1 

in"1 

none 

0.4S4 

.33334 

-.004 

.045 

.33334 -       constant In the dA calculation P 
In the above formula: p Is the concentration of condensed phase (moles/100 gr products) 

calculated from WFWGT and, PC Is In psla, r* is the throat radius In feet. 
SIG *      geometric standard deviation used In none 1*9 

SEND 
the particle size distribution 
end of $TD2 namellst set 

*PWRS(l) and PWZS(l) are Internally computed at the coordinates of the contour 
atta hment point. 
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2,10        Turbulent Boundary Laver Module Input 

Data required to execute the Turbulent Boundary Layer (TBL) Module Is 

read In under the namellst name $TBL.   Certain of the input items described be- 

low are either communicated to the TBL module by the 0DE and/or TD2P modules 

or are preset in the TBL module.   Hence these data items do not necessarily need 
to be input to the TBL module.  However« any value that is read in will override 
the assumed or ,<>inmunlcated value. 

The input data items to the TBL module are as follows. 

Item. Description Units 

$TBL namellst name 

The following items are communicated from the 0DE module If 

0DE« 1 or 2. 

TO 

P0 

PR 

ZMUO 

ZMVIS 

P0 

GAMO 

RBAR 

DCTAB 

SCALE 

TO 

Assumed 
Valuefe) 

Stagnation temperature (from 0DE-chamb- 
er temperature) 
Stagnation pressure (from QflDE-chamber 
pressure) 
Prandtl numiier 
Value of viscosity, u , at the stagna- 
tion temperature 
Exponent in the viscosity-temperature 
equation 

IA«ZMU0*(T/T0)ZMVI5 

°R* 

psf* 

none 
lbm/ft-tec.* 

none 

the following items are communicated from the TD2P module 
if TD2P- J or 2. 

Stagnation pressure (from TD2P-the value    psf* 
of Stagnation pressure at the initial line) 
Stagnation value of specific heat ratio none 
Value of gas constant ft*/sec*°R* 

Number of points in the x, y and Mach        none 
number tables 
If it is desired, non-dimensional values      FT* 
of x and y may be input and then multi- 
plied by a single scale factor,   (from 
TD2P, SCALET*) 

Stagnation temperature (from TD2P the °R* 
value of the stagnation temperature at 
the initial line). 
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Item Description Units Assumed 
V9lue(s) 

WD0T Ä     Mass flow fdte lbm/sec 

XlTAB(l)        =     IXTAB values of x, axial distance , in none* 
monoton ica 11 y increasing order (from 
TDZP-XITABdHx^r*) 

YITAB(l)        =     IXTAB values of y, nozzle radius or con-      none* 
tour height in consecutive order corres- 
ponding to each x of XITAB.   (from TD2P- 
YtTABdHrj/r*) 

ZMTAB(l)       -      IXTAB values of free stream Mach number     none 
in consecutive order corresponding tu the 
contour points x,, y. 

The following items ore preset or must be input to the TBL 
module,  

MZETA 
IPRINT 

ICTAB 

Velocity power law exponent, n 
0 Prints on±y at input intervals 
1 Prints at oil calculated points 

Indicates a constant specific heat 
calculation 
s 3 Number of ooints in G_ versus 

P 

none 
none 

none 

ITWTAH -I 
0 
1 

T table 
adlabattc wall temperature 
constant (sec TWTAB) 

T    * w 
T    = w 
IXTAP valuta of T    will be innut 
(s*e TWTAB) w 

none 

ZNSTAN 

DXMAX 

EPS2 

n 

G 

TCTAB(l) 

Interaction exponent n, in Stanton number 
relation 
Maximum Icnqth of stop size.   If DXMAX 
is not input DXMAX U computed to be 
1/100 the length of the contour 
Geometry indicator 
0,   Two-dimensional Planar flow 

1,0 Axlsymmetric flow 
Conversion factor between thermal and 
and work units 
Proportionality constant in equation F* 
(m/g)a 
ICTAB values of temperature In Increa- 
sing order, defining the Cp-T table. 
The maximum T should exceed T~ and 
the minimum T should be below the low- 
est temperature likely to be encountered 
In the system 

^   e 4 

none 

it* 

none 

ft-lbf» 
T5TTT 
ft-lbm» 
sIcTEf 

°R* 

7 

0 

-i 

.1 

.Olx 

1.0 

778.2 

32.174 



Ö£2L 

+CPTAB(1) 

TWTAB(l) 

Description 

ICTAB values of C in consecutive order 
corresponding to the values in the temp- 
erature table. 

Units 

BTUV 
lbm°R 

T0LCFA 

T0LZET 

T0LZME 

THETAI 

PHII 

If ITWTAB = -1 omit this input °R 

If ITWTAB =   0 input one value of wail 
temperature 

If ITWTAB -   1 input IXTAB values of wall 
temperature corresponding 
to the wall locations of *he 
x and y tables 

Tolerance in Cf-CfRg interaction loop none 

Tolerance in ?eta interaction loop none 

Tolerance used in gas property eval- none 
uation loops 

Initial value of momentum thickness. If 
THETAI is input as a negative value, the 
sonic point start procedure will be actuated. 

Initial value of energy thickness.   This 
need not be input if the sonic point start 
procedure Is used 

Assumed 
Value (s) 

10 

.0001 

.0003 
-7 

Edge condition option flag 

IFEDGE 0 edge conditions «re computed from the 
Mach number table 

1 tables of ?e/?Qt T /T , C    , V„, oc 
are to be input as Below    H® 

none 

:*  2  tables of P , Tn, C 
be input as below   p< 

V e' oÄ aro to e 

PITAB(l) 

TITAB(l) 

+CPITABU) 

VITAB(l) 

R0ITAB(i) 

SEND 

IXTAB values of Pft/Pr or P   versus X (see 
IFEDGE) e    c        e 

LXTAB values of T /T   or 1\ versus X(see 
IFEDGE) e    c 

IXTAB values of C     versus X 
Pe 

IXTAB values of Vg versus X 
IXTAB values of ea versus X e 

BTU/lbm* 
°R 
ft/sec* 
lbm/ft3* 

*TfOTE-Any conslstant set of units in accordance with the values of FJ and G may be 
used.   The units shown are those conslstant with the values communicated from the 
0DE and TD2P modules and by the TBL module back to the SPP control routines. 
*NOTE-If a C   table is not input Into the program (see CPTAB and ICTAB), the pro- 
gram will attempt to edit in a C   table from the values of Cp   vs. Te.   However, 
the edited values m&y not (especially In the cold wall case) cover the entire range 
of values required for the 'un.   The safest procedure Is to generate by hand a CPTAB 
table which Includes several values of Cp for both the upper and lower temperature 
extremes. 
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2.11     Linkage 

The linkage between the five basic computational modules in the SPP com- 
puter progrrm was designed to give the user of the code flexibility in selecting 
which of the modules need be used In any one computer rim.   While all of the 
modules may be used In any one computer run, this is not usually the most efficient 
approach since Input mistakes or the use of the program In parametric studies 
could require the repeated successful execution of several of the modules.   Thus, 
for the sake of efficiency, and overall flexibility, all of the linkage data between 
modules (except for the restricted equilibrium interface between the 0DE and 
0OK modules) is written out on logical unit 8 as formated data.   This data may then 
be manipulated In a number of fashions depending on the computer hardware and 
utility routines which *re available.   On 6000 series CDC equipment which the 
program was developed for, logical unit 8 was equlvalenced to the formated punch 
file.   Hence, at the completion of a run, the linkage data would be punched out 
and made available for subsequent runs (described below), eliminating the need for 
repeating an already successful solution. 

TV is type of linkage has two major advantages.   The first Is obviously a 
savings in computer run time on series of cases wherein the output from one or 
more modules is unchanged.   The sccunu is the ability to use other analyses (if 
appropriate) to "fool" the SPP code into accepting them as an integral part of its 
own computational procedure.   This second approach allows the engineering user 
the flexibility to substitute the output from any other code or analysis Into the 

I* 

procedure defined in the SPP coot JS long as it conforms l«: the proper format. 

Data is read in on subsequent runs by the SPP progum on logical unit 3 
if the r-uijuJatioa module equals 2 option is selected in the SPR0B namellst. 
However, this loqical unit r:»ay be i-H&ngcd to any value by input in the $PR0B 
namellst.   7Ms feature ailowb the punned output linkage data to be read In as 
part ci the normal card input stream aj long as the linkage data is in the follow- 
ing order: 
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$PR0B 

module option ■ 2, 

$END 

0DE data* 

BAL data* 

0DK data* 

TD2P data* 

TBL data* 

the rest of the input data 

*thls data is only needed if the module 

option «2 is selected in the $PR0B namelist. 

The data does not need to conform to the above order as. long as the data resides 

on logical unit 3 or any other logical unit which is not assumed   to be the card 

input stream. 

Certain complications can arise when previously calculated (punched) 

data is used out of the ordinary calculation sequence presented in Table 2-1 

of Volume HI or Figure 2-2 of Volume II.   For example, if the 0DE module is ex- 

ecuted while the ballistics module (BAL) data is read in from cards, the chamber 

pressure from the 0DE module is used in the TD2P module instead of the average 

pressure calculated by the BAL calculation.  While nominally small, the difference 

between these two pressures can cause slight differences lr the performance re- 
sults calculated by these modules.   In any event, this deficiency v iU bo cor- 
rected in any further versions of the SPP code. 

The punched (or formated output) from each of the computational modules 
conforms to the s?mo basic format.   The first c;ird image contains tht* name of 
the moduie#while the last Image contains the word END.   Tho data between these 
cards consists of seqaenced "packets" of information which contain the linkage 
data,  A packet may consist of one or moi*- data cards, ell of which have the 
same sequence number.   Table 2-15 contain- rhc basic format used in generating 
the linkage data.   Tobies 2-16 through 2-20 ^escribe th* specific data transmit- 

ted between modules. 

HHA^IM 
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Table 2-15 Basic Format of Linkage Data 

Card Format Description 

first 
all others 
ldSt 

A4 
5X, 5E14.6, 15 

A3 

name of module 
data and packet sequence number 
the word END 

Note that in the following five (5) tables the first and last cards have been 
omitted and that the five fields refered to are the five floating point data fields 

described in Teble 2-15. 
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Table 2-16 0DE Linkage Data 

1   "Packet" Field Description 

[           1 i         l **ref " re*erence viscosity - Ibm/ft. sec. 
2 a» - viscosity exponent in u^Mref Wtjf3 

3 Tc - chamber temperature - °R 
4 P   - chamber pressure - atm. 
S 

i 
u   - chamber viscosity - lbf • sec/ft8 

2 1 *   - chamber gas thermal conductivity - lbf/sec-°R              j 

2 y     - chamber equilibrium ratio of specific heats                   | 
GO                                                                                                                                                                                   1 

3 1 i      6 - erosion parameter 
4 cth " ^eor*tlcal c*=PcA*/m - ft/sec                                       1 
S 1       c     - chamber equilibrium specific heat - BTU/lbm °R 

pc 

;        3* 1 C    .      area ratio at solidification                                           j! 
2 u    j   - velocity at solidification - ft/sec 
3 I       T    . - temperature at solidification - °R                                j 
4 r* - fraction of condensed phase to gas phase                         1 
5 *>H    .t - heat of tieltlng of condensed phase (ftVsecVlbm) 

4* 1 c     - specific heat of the Hquld - ttta/seca)/lbm °R 
Pi 

c     - spec if !c heat of t*e solid - tftVsec^/lbm °H I         2 

\         3 M,.      - molecular weight i>f the condensed phase                   \ 

T    ,   - temperature- at the fxit plane *   R 4 

* 
i 

5 U    .   - velocity at the exit plane - ft/sec 

5 I !      MH,       - •nolecular weight J the gas only 
"gas                                                                                    i 

Ml         - mo^   tlsr weight of tf«e mix 
1          \ix 
\      Mw      - effect!'   molecular woight of the mixture 
|           eff 

Pr   - chamber Pronatl number 

2 

3 

4 
5 

K j       I           • theoretical I     *t the exit plane 
SPth                            "P 

!           6 1 I      - frozen I.„ at the exit plane 
j        sp£                  sp 

*Not used If no condensed phase Is present. 
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Table 2-17 Ballistics Linkage Data 

Packet Card in 
"Packet" 

Field Description 

1     ail 
1 1 t - time - sec 

2 P   - chamber pressure - PSIA 
3 1 P        - maximum pressure to this time - PSIA *    max                                                                                    1 
4 R* - throat r. dius - in 

5 L* - motor L* - in 

2 !        1 tl* - fractional c* efficiency 

!        2 m - mass flux - slugs/sec                                             j 

!        3 m./m   - ratio of insulatlon to propellent mass flow 
]        4* P    - head end chamber pressure - PSIA 

5 I   fmdt - mass expended to this time - slugs 

1 1* F - thrust - Ibf                                                                   j 

* not currently used 
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Table 2-18 0DK Linkage Data 

j     Packet Field Description 

1    UN* 

N+1-*END 

!     l       1 
!      2 

!      3 

!      4 

1       I 
\      2 

€«£ - area ratio corresponding to I     In field 2    1 
I         - "Restricted " equilibrium I 
spRE                                                sp 

c«£ - area ratio corresponding to I     In field 4    | 
*«*    - -Restricted" equilibrium I                           j 
spre                                               sp 

c K - area ratio corresponding to I     In field 2      J 
lst>   " "lclnetlcB !sp as c*1^3**1 bv Ott>K            f 

♦The packets 1*N are terminated by a negative number in field 3 (if the number 

of restricted equilibrium points Is odd} or, by the start of the 0DK data (if the 

number of restricted equilibrium points is even).  If no restricted equilibrium 

points are available, the kinetic efficiency will be calculated as njg|$~**c* 
The restricted equilibrium pairs need not be In order as this table is sorted. 
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Table 2-19TD2P Linkage Data 

"Packet" Field Description                                     I 

1 

2 

1 

2 

3 
4 

!          5 

1 

1          2 

i          1 

? 

4 

3 

C~ - discharge coefficient                                        j 
R - gas constant, ffVsecVR 

% - specific heat ratio as calculated by TD2P 
C   - specific heat, ftVsecVR 
•                                                                                    1 

m - mass flux, lbm/sec (for single nozzle in mul- 
tiple nozzle cases) 

P   - stagnation pressure at the TD2P wail initial 
point, psi 

T      stagnation temperature at the TD2P wall ini- 
°    tial line point, °R 

r./r* * normalized nozzle wall radius 
z./r* - normalized axial distance                              j 
M. - Mach number on wall streamline                       j 

*TP2P, 

Table 2-20 IBL Linkage Dat* 

Packet FielJ Description                                        | 

1     »11 

1        1 *> 

r - v,öü radius - ft 

\\     * I     decrement due to turbulent boundary layor 

»An ^xlsyT.wtflc noz-le K*? men as.unod here since output vill be for A/A* 
w.u.    I     where A/A*     (r r*>\ 
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3.      OUTPUT DESCRIPTION 

As a result of the many types of analyses performed by the computer pro- 
gram considerable output can be generated.   Since the amount, and nature, of the 
output will vary over a wide range, as a function of th» options selected, the out* 
put descriptions will be keyed to the individual overlays «types of analyses).   The 
sample care output in section 5 is a valuable adjunct to t*ie output description, 
and should be liberally referred to. 

3.1       Overlay O (Program control and summary) Output 

Since all of the program Input cards do not appear in formated output 
statements, it is recommended that a card image listing of the input cards be 
obtained, via control cards, at the initiation of the run. 

The first output from the program is the case title.   This is followed by 
an acknowledgement of the program directives t*at have been considered (GEOM, 
TRAJECTORY, etc.).   After acknowledging the TRAJECTORY directive the trajectory 
information is output in tabular form. 

following the PROBLEM directive, the program cnturs into execution of the 
various overlays as directed by the SPROB input.   Thf> output produced during the 
execution oi these wsrlays is discussed in subsequent    absections. 

Upon rompleuun of each of the overlays fron*    ,0 r* *J,0, the following 
outputs iure produced. 

QVEFLAY ?.     If BAL » 1 or 2, !**e calrulated va'ues of P, (psi). I* (in.), r* (in.). 
dr*-dt (in/sec). M ulugsAec), and»      an- prints *s .• function of time in sec- 
onds,   A »iHo of the jveraje, r^xlir.u^. ml minr^um A K .^h oi the above quanti- 
ties is As** -jjtput.   T^e iveraie values >n.>  -OT.J jtc-j *me,. >n the total calcu- 
lated bum Sim» üz\e$s the following message is printed out below the tablet 

VALVES AT TIMES GREATS THAN _ 
PÄOM THE AVERAGE CALCULATION 

HAVE BEEN EXCLUDED 

The excluded poiiit* (should there be any) represent points during tail-off that might 
produce spurious • * values that unduly affect the calculate average n^ value« 
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OVERLAY 4,     If ODK « 1, or 2, a table of the one dimensional kinetic specific 

impulse, ISPQDK' aad the ltlnetlc ISP efficiency factor, \in* are printed out as 
ü function of nozzle area ratio, 

OVERLAY 5.     If TD2P * 1, or 2, a table of the calculated two dimensional, two* 

phase, perfect gas, specific Impulse« ISPfj^P' and tfte *>D' two P*1"®' 'tp 

efficiency factor, nyr^P' is Pr*nt@d out as a function of nozzle area ratio. 

If RSD0«tt in $ the $G£OM namelist, or if Overlay 3 (Ballistics program) 
has been executed and indicates that the throat erodes, then the nozzle expansion 
ratio will vary as a function of time. 

In such cases il^Dl? and *sp are Ume &*Pendent*   ^® program cal- 

culates and paints out the time averaged values of these quantities. 

Pie program also calculates and cutputs a value of ffw^p to ^ USÄ* lfl 

the overall efficiency calculation. When there is throat erosion the use of this 
modified efficiency corrects the predicted overall delivered specific impulse for 
the fact that I    vaties with expansion ratio (see subroutine SUMRY). sp 

OVERLAY ti.     it TBL* 1, or 2, a table of the incremental loss in I    , AI 
*P       •*?TfiL is output as c function of nozzle area ratio. 

Aftw all of the individual loss calculations '^ve o**en completed a sum- 
mary page is printed out.   Figure 3-i reproduces a ty^ic.i! output summary page. 
A series 11 descriptive notes are given below.   T*e$e c*.n be correlated with the 
circled numbers on Figure 3-1. 

Not**:   i#   These values are raiculuted ,\h* n the relevant parameter in the $PROB 
input c»qu*^I$ 1 or 2. 

«•   The calculated i~D, two p^.tse efficiency *ls-> includes the so-called 
erosion loss.   The magnitude of :h#* er  >jon iosj iin terms of an efficiency) is 

equ«il to thi wtio of fJrp||> (correct*i to. t? mat eroste«) toT^T ftima averaged*. 
JSee summary output from WZP module). 

3,   A "eeleulated* value of combustion efficiency ** obtained only if 
BAI - I, or 2 md T&i? * I. or 2 in the SPRD8 namelist.  T*e ^calculated* com- 
bustion efficiency is equ*jJ to the nozzle discharge coefficient (calculated by 
WZf) times the "empirical* combustion efficiency. 
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4. This efficiency cannot be theoretically calculated with the present 
program* 

5. The calculated 2D I phase efficiency includes this effect, 

6. Empirical efficiency factors are always   calculated.   (Except tor 
empirical combustion efficiency which is calculated only when BAL » 1, or 2, 
and TD2P * 1, or 2). 

7. Includes the two-phase efficiency only.   If BAL j* 1, or 2 this efficiency 
will be calculated only if AVELS in $GE0M Nameiist is ^ 0. 

8*  If the real nozzle geometry has been altered as a result of the restric- 
tion* imposed by the TD2P program, the output value of this efficiency will be 
erroneous when the nozzle attachment angle {supersonic) implied by the input 
nozzle contour differs from the actual nozzle attachment angle. In such cases the 
correct value may easily be calculated by hand, 

9.   These values are equal to unity unless the relevant SWOB parameter 
equals 3, and a non-unity value has been input. 

10. For each of the individual loss mechanisms, this column give* the 
efficiency factor selected for use in the overall efficiency calculation.  The 
selection criteria is as follows, in order of precedence: 

1. input values. 
2. Calculated vaiues. 
3. Cmplrtcel values 

11. The product of the selected efficiencies is no*, in general, equal to 
th* product of the efficiencies calculated b^ any g^g of the methods, as it may 
contain efficiencies calculate by cMfferent methods. 

12. This column is \ Key to the method selected *or use in the overall 
efficiency calculation.  The meanings of t*c tetters arc ^§ follows: 

1   - Input 
C - Calculated 
E - Empirical 
N - Not considered (a value of unity 

is used in such cases) 

13. The vaiues of delivered vacuum specific impulse are equal to the 
theoretical specific impulse at the Initial (t«0) nozzle expansion ratio multiplied 
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by the appropriate product of efficiencies, and then decremented by the corres- 
ponding turbulent boundary layer loss. 

14.   The empirical delivered vacuum specific Impulse does not include the 
so-called erosion loss-see note 2 for how to include this loss in the empirical 
result« 

15«   The average ambient pressure is the average of all points in the tra- 
jectory table.   The average chamber pressure is obtained from the summary table 
following the ballistics calculation (or is input if a ballistics calculation is not 
called for).   The average expansion ratio is an average based on the whole calcu- 
lated burn time.   The discharge coefficient is obtained from the TD2P program« 

If BAL ■ 1, or 2, and TD2P=4 or 2, in the $PROB Namelist, a page entitled 

"Thrust - Time History" is output at the end of a run.   The table Is basically self- 
explanatory, however the following items should be noted: 

1. The mass flow (MDOT) and the integrated mass flow (MDOT-INT), 
include the corresponding total mass flows (i.e. both propellent and in- 
sulation). 

2. Due to inaccuracies in the input grain geometry the total integrated 
mass flow may not equal the known propellent (and burned insulation) 
weight«  In such cases the calculated total impulse (F-INT) should be ad- 
Justed by the ratio oi calculated to known propellant weights. 

3. The average I„ is the average delivered I     aid will in general differ sp sp 
from the "I    delivered to the average ambient pressure" which appears on sp 
the aforementioned summary page* 

4. The average MDOT may d^fer from the corresponding value in the Bal- 
listics Ave.-Max.-Min.. Teble as a result of different time bases for the 
two averages. 

5. Negative I-DEL values appearing during tailoff do not unduly affect the 
calculated average, AVE. ISP • F-INT/MDOT-INT. 

3«2       Overlay 2 (ODE) Output 

The first line of output says that ore zone is being calculated (multi-zone 
calculations are nor permitted in the present application).   The input reactants 
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cards are then reproduced, followed by the INSKRT/OMIT cards (when applicable). 
The NAMELIST Input is not printed out in the program's present form.   The word 
NAMELISTS and the print out "NO $ODE VALUE GIVEN. . ." should be neglected. 

A list of the species being considered in the calculation is then printed. 
Each species in the list 1$ preceded by some identification such as J12/65.   The 
J refers to JANNAF data*     .   The letter L refers to unpublished data calculated at 
the NASA Lewis Research Center.   The number refers to the month and the year the 
data was published or calculated. 

Following the list of species is the current valae of O/F.   This is follow* 
ed by a listing of the enthalpies or internal energies of the total fuel and oxldant, 
and of the total reactant.   Following this is a list of the kilogram-atom per kilo- 
gram of each element in the total fuel and oxldant, and in the total reactant. 

The next output yields information regarding the iteration procedure used 
in obtaining equilibrium solutions.   User's interested in interpreting this information 
should refer to Reference 1 . 

The primary output of this program is basically self-explanatory.   If 
EQL « .TRUE, in the $ODE input the results of an equilibrium rocket performance 
calculation will be printed out.   This output contains the following: 

1. Heading 
2. Chamoer pressure 
3. Proportion of oxldant to fuel 
4. Thermodynamiv mixture properties and derivatives 
5. Rocket performance information 
6. Composition oi the combustion products 

Items 4, $, und 6 ire output ut conditions corresponding to the chamber, 
throat and requested area ratios (SUPAR and SUBAR arrays).   They are also output 
(first exit column) at the area ratio er which particle solidification begins (if 
applicable). 

The iiforementioned tables are followed by a listing of the trace species 
which were considered In the calculation« but which do not appear In the mole 
fraction table. 

A table of the nass fraction of condenslbles is then printed out.   These 
values correspond to tht» same relative locations given In the main table. 
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The molecular weights of the condenslbles and gas only, in the chamber , 
are printed.   The value of the erosion parameter, ß , used in the Ballistics Module 
throat erosion correlations, is then indicated. 

The next page of output gives the results of the transport property calcula- 
tions.  Viscosity, MU, frozen thermal conductivity, K, and frozen Prandtl number. 
PR are given for the chamber and at the throat and exit plane.   The power law vis- 
cosity parameters calculated for use in the TD2P program are then printed, followed 
by a list of the species considered in the transport property calculations. 

If FR0Z ■ .TRUE, in the $OD£ input a second series of output is generated 
for the results of a frozen rocket performance calculation. The output is identical 
to that described for the equilibrium solution, with the following exceptions: 

1. There ere no table entries at the area ratio corresponding to particle 
solidification. 
2. Mole fractions are frozen and hence do net va.y with location. 
3. The information concerning the condenslbles and transport properties 
is not calculated or printed out. 

3.3       Overlay 3 (Grain Desiq- and Ballistics) Output 

The first output from this overlay consists of the current values of the 
variables in the $BAL NAMELIST.   Values input directly via the $BÄL NAMELIST 
over-ride interne 11 y generated values. 

The next seres of output is a repeat of the information contained in the 
formated  Input cardt • 

The main outpu" from the Motor Performance Module is of two distinct types: 
(see sample case) 

1. Results of the grain design calculations 
2. Results of the ballistics calculations 

Grain design results are printed at t « 0, and then <*ach tune the number of 
bums becomes equal to KB.   Thus, it is possible that more than on« ballistic dis- 
play can appear between the grain design displays.   The first column of the grain 
design output is the station number.   The number of stations Is NX ♦ I; station NX 
appears on a succeeding page, and station NX+l Is the plenum aft of the grain, 
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or the nozzle entrance.   For a submerged nozzle, the nozzle entrance Is artificially 
located at the aft end of the grain.   The second column Is the axial location of the 
station In inches.   The next two columns are web positions between successive NB 
Increments; the first is the beginning web, the second is the ending web, In Inches, 
and the difference Is equal to B10/NB10.  Variations down the port stem from un- 
even burning.   The following two columns are port areas, In sq. Inches, corres- 
ponding to these tv,o web positions.   The next column Is the average local grain 
perimeter in inches.   The next column Is the local volume of propellent In the In- 
terval in cubic inches.   The next column is the local burn area in sq. Inches, 
and following that is a running sum of burn area down the port.   The last column is 
a running sum of local void volumes. 

In the case of end-burning grains, where the burning follows the X-dlrectlon, 
results which seemingly vary with Y are artificial and should not be taken literally 
without interpretation.   Port areas will be zero, opening to the motor area across 
the end-burning face; this Interface will propagate upstream with time.   Burn 
volume and local surface area also will appear .o propagate upstream, being zero 
both upstream and downstream of the Interfaclai region.   (Web position Is really 
longitudinal even though the output may make it appear to be radial). 

In the set of ballistics oriented output the first colamn Is the station num- 
ber, followed by a loop counter.   This is followed by local values of gas density 
(lb/in3), mass flux contribution (lb/ln2-sec), gas velocity (in/sec), pressure 
Ob/ln*), port area (in*), weight flow contribution Ob/sec), burning rate (in/sec), 
cumulative vteb (In.), insulation area (ina), burn area (in2) and the axial position 
of the station (In.).   (Again, in the case of end-burner, values appearing upstream 
of the burning surface are artificial). 

The su-c^once of output appearing after the columns are time (sec.), vacuum 
thrust (lb.), ambient thrust (lb.), delivered specific impulse (sec), motor stag- 
nation pressure (lb/in2), nozzle exit pressure (lb/in®), nozzle exit velocity (In/sec), 
insulation area exposed (In3), burn area (In*), throat area (in8), head-end pres- 
sure Integral Qb-sec/in*: ignore for end-burners), aft stagnation pressure Integral 
Qb-sec/ln?), Insulation weight expended (lb.), propellant weight expended (lb.) 
und total impulse (lb-sec).   AH integrals are up to the particular tlr<~. m question. 
This summary output is Identified by the throat n^de number,   NX * 2. 
If this module is run in a stand-alone mode the obove motor performance values 
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will be the only ones calculated, hence, nozzle efficiency, ambient pressure, 
etc. must be Input.  If a grain design and ballistics calculation Is combined with 

a nozzle performance calculation these thrust and Impulse values should be Ig- 
nored tn favor of those appearing In the THRUST-TIME HISTORY (see section 3.1). 

The unlabled output (6 columns) which may appear from time to time Is 
debug print which was never removed (see subroutine MAIN3).   The statement -Ref- 
erence To Uncorrelated Table Number" also is debug print and states that the de- 
signated table would have been used had the associated option been exercised.  It 

is not an indication that something is wrong. 

3,4       Overly 4 (OPK) Output 

If IREQ * 1 In the $PROB NAMELIST (and ODK-1) the first output related to 
the kinetics solution is not from Overlay 4, but Is a special equilibrium solution 
referred to as the "RESTRICTED EQUILIBRIUM OPTION.N  The format of the equili- 
brium output has been previously described In section 3«?, 

The equilibrium output Is followed by the values cf temperature, pressure 
and velocity at the equilibrium (starting) contraction ratio (ECRA7). The species 
mole fractions at the initial station are then listed. 

If IREQ * 0 the above output is not obtained. The output described below 
is obtained in all cases. 

The first output from Overlay 4 Is a listing of the input reaction and third 
body reaction rate ratio cards, as read.   This is followed by a table of all the 
species contained in the input reaction set.  A reaction taoie, containing infor- 
mation from the input reaction cards is then printed. 

The next output is a table of all of the species that will be considered In 
the kinetic expansion rotation.   The number of the species, and Its Initial mole 
fraction Is also givon in the table. 

A formated table of reaction rattf ratios (or t*e message - ALL REACTION 
RATE RATIOS INPUT AS KO) Is then printed out.   This is followed by a message 
relating the type of nozzle geometry option which was selected and a table of the 
relevant wall geometry,   the two values alpha and alpha-bar are the particle to 
gas weight flow ratio and the mass fraction of the condensed phase, respectively. 

The next output describes the flow properties, nozzle geometry and chemical 
composition at the initial expansion ratio.   This output is self-explanatory.   The 
same quantities ate then printed out at a series of axial stations,   the number «nd 
location of these outputs being controlled by the print flag (JPRNT), 
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When the temperature becomes equal to, or less than, the solidification 

temperature of the metal oxide being considered (If any) a message Is printed out 

to Indicate the beginning of solidification.   Likewise, when solidification Is com- 

plete, a message so Indicating Is printed. 

The note EP not reached means that the final requested expansion ratio was 

not reached before the solution terminated.   In some case* this Is due to an Input 

error which causes abnormal termination.   In many cases, however, the message IK 

printed somewhat erroneously.   In such cases the program actually has effectively 

reached the final eiqpanslon ratio but due to round-off error the message is still 

printed. 

3.5       Overlay 5 (TD2P) Output 

The case title card Is printed followed by a list of quantities which were 

either Internally transmitted or input In the STD2P NAMELIST. 

The following quantities are calculated In subroutine AGP. Only the math- 

ematical symbol an? units for each quantity is given here. See subroutine AGP for 

definitions. 

Math. Symbol Variable 

GÜ) 

EU) 

CPG 

>1 

RCAP 

CPS 

HP5 

HPL 

HPO 

PR 

RH0OO 

B 

BS 

GSB 

Epm 

C 
pg 

V 

R 

C 

h p., 

V 
V 

Pr 

?go 

B 

Bs 

*s 

Units 

f tVsecV R 

frVsecVR 

ftVsecs/>R 

ftVsecV^ 

CtVsec* 

ftVsec8 

lbm/ft* 
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The specific Impulse, ISP(IDOL), and exit velocity, UE(IDOL), calculated 
from a one dimensional zero lag analysis are output at the aozr.ie exit expansion 

ratio.   The mean particle size and particle size distribution (inj ut, or internally 

generated) are then printed out» 

The next series of output comes from the one «dimensional Iniei and transonic 
throat portion of the solution (see subroutine PARTIL).   The output appears in the 
following sequence: 

1«   The values k and m   for gas-particle equilibrium, 
2. Initial end final conditions for the one-dimensional inlet Integration 

(see subroutine 0NED). 
3. Converged values for x , u , », 8, y and f,, l~t f«, f-, f- for each 

transonic flow zone (see subroutine JAMES), 
4. The corrected estimate for k, corrected values for x . u , a, Ä, and 

y in the transonic zone containing the initial supersonic data line, cor- 
rected values for ni   and nV . 

5«   Items 2,3, and 4 are iterated twice, 
6. The gas-particle flow properties P. , a f u , v  , r, z, h 

and v    along the initial supersonic data line. 
PJ 

7. The nozzle weight flow, WDOT. 

'J     pi     pi 

8.   The nozzle discharge coefficient, CD. 

A message Indicating the selected wall geometr/ optic n is then printed, to- 
gether with the input (or internally transmitted) nozzle geometry.  A finely spaced 
Internally calculated, table of the wail coordinates to be used in the solution is 
also output. 

The results of the* *wc dimensional, two phase, supersonic solution are 
printed out along left running characteristics.   A header is printed, for Identifi- 
cation purposes, above the output for each left running characteristic.   The out- 
put may be Identified as follows: 

How One: 

Header Meaning Units 

IRC left running characteristic number r.sne 

ID type of point (see below) none 

Item 

l.R.C. number 

ident. number 

3-11 



Item 

c 

z 

M 

vv 
V4\ 

K 

Tj "g 

iteration no. 

Header Meaning Units 

R r position coordinate none 

Z z position coordinate none 

MACH Mach numbc^ none 

TG gas temperature °R 

VG gas velocity (scalar) ft/sec 

THETA-G       streamline angle degrees 

TG/'TGO        ratio of gas temper a tare to chamber       none 
temperature 

PG'PGO        ratio of gas pressure to chamber none 
pressure 

DG/DGO      ratio of gas density to chamber none 
density 

SDK/DG       ratio of total particle density to gas      none 
density 

OF thrust coefficient none 

ISP specific impulse sec9 

IT number of iterations required none 

A low is printed tor each particle size present at the point in question, 

k 

V 

n 
• K 

Pw 

!tem Header Meaning 

K article rize number 

REK particle Reynolds number 

VPK particle velocity (scalar) 

fHETA-K particle streamline angle 

TPK particle temperature 

DFK DG ratio of particle density to gas 
density 

Units 

none 

none 

ft/soc 

degrees 

none 
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ova 

Item. 

>n   /On Pk      P, 

Header Meaning Units 

DPI^DPO ratio of particle density to chamber 
particle density 

none 

RPK particle radius ft. 

The table below relates the printed identification number to the type of 

point calculated: 

ID Type of Point Calculated 

1 Initial line point 

2 interior point 

3 axis point 

5 
6 
7 

Kth particle boundary point 
wall point 
point Inserted on the previous L.R»C. 
point inserted on the R.R.C. 

The quantity IP printed out at the end of a TD2P solution is the number ot 
mesh points on the last left running characteristic. 

3.6    Overlay G (TBL) Output 

The case title is printed, followed by a list of the current values of the $TBL 
NAMELIST variables.  Values Input in STBL over-ride InternV.ly transmitted values, 

A table of the input (or Internally transmitted item T02P) wall geometry and 
wail streamline mach numbet Is then printed out. 

At every printout station the program then prints f,ix groups of quantities. 
(Note:  DELF and DELI were added to th<i TBL output and do net conform to their 
respective group headings.  These two quantities era riot output until the wall 
slope becomes positive.) 

X Axial Distance 
XL Arc length of contour up to X 

Y Radius or height of rontour 

DY/DX Slope of contour 
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Flow Properties 

M Mach number 
TE Static temperature 
TW Wall temperature 
TAW Adiabatic wall temperature 
DM/DX Mach number gradient 
UE Velocity of fluid 
PE Static pressure 

Boundary Laver 

DELTA Velocity thickness 
DELTB Temperature thickness 
DELT* Displacement thickness 
THETA Momentum thickness 
PHI Energy thickness 
H Shaoe factor 6*/8 
DELF Thrust decrement due to boundary layer effects 

Heat Transfer 

HG 
QW 

SUMQ 
FORCE 
LAT.F 
DELI 

Heat transfer coefficient 
Local rate of heat transfer to wall 
Integrated heat transfer rate to point X 
Drag force in axial or X direction 
Force normal to X direction for two-dimensional planar flov/ 
I     decrement cue to bounc ary layer effects 

ZETA. II, 12, 13, 14, 1?. 16, 17, IIP, I2P, I3P 

Coefficients 

CF Skin friction coefficient 
CH Stanton number 
REIH Reynolds number based on momentum thickness 
REXL Reynolds number based on arc length 
REPH Reynolds number based on energy thicknesj 
RED* Reynolds number based on displacement thickness 
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In addition, if the sonic point start procedure is used« the initial values 

of momentum thickness, THETAI, and energy thickness, PHIX, are printed out. 

After the last printout station the value of the throat radius corrected for 

displacement thickness, and a table of the normalized wall contour points cor- 

rected for displacement thickness are output. 

3.6.1 Dimensions of Variables 

There are six physical dimensions used in this program: 

M * Mass 
F ■ Force 
T * Temperature 

S « Time 

L «Length 

K - Heat 

Any consistent set of units may be used with this program.  If input quan- 

tities are in units consistent with those below« the output quantities will have 

the units indicated oolow. 

REAR 

CP 
FI 

G 

TE 

PE 

U 

? 

UE 

Re 

X 

Y 

XL 

L x F/M x T 

H/MxT 
LxF/H 

M x L/F x S» 

T 

r/tf 
M'SxL 

MA' 
L/S 
Dimensionless 

L 
T *> 

L 

QW 

SUN'Q 

hG 
FORCE 

* Dimensionless 
* Dimensionless 

»L 
»I 
- L 

« L 
* I 
* &V x S 
» H/S axisynmetric flow 
* H/S x I planar flow 

* H/L* x S x T 
F(F/L for 2D flow* 

LAT.r  * F/l 

The built in values of FJ and G require use of the Foot, PoundM. Second. 

BTU. Poundr, Degree Ranklne, system of units unless FJ at d G are input. 
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For example, using the above conventions, and using the built in values 
of 17 and G 

M = lb~m 

f  = lb-f 

T  =°R 

3 * *ec 

b     - ft 

H - 3TU 

R     « ft !br/Ib    3R m cf * dimensior.less 
C    = BTU/lb   DR p                   m CH * dimensionless 
FJ   *ftlbf/B?U e «ft. 
G    * Obm/lbf) ft/sec5 

$ »ft. 
TE   = ÖR ± »ft. 
PE   »Ib/ft3 

6 »ft. 
u     = lb /sec ft 

PR 6* «ft. 
o     * lb/ft° q * BlU/ft* sec 
U2  - ft'sec 0 * BTU/sec fexisymmetflc flow) 
Re   - dimensionless 0 « BTU/sec ft tpltnar flow) 
X     -ft 

% - BTU/ft* sec *R 
V     -ft FORCE *Lbf 

XI      r.   L LAT.P *Lb, 

Not«:  When this program is used as an integrated module .n tfie SPP Program 
certain constraints are placed on the units by data cornmuriceted from ottier modules. 
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4.   RECOMMENDED PRACTICES AND GUIDELINES 

this section has been Included to provide a place for some of those comments 
that do not seem to belong anywhere else« but should be recorded.   thus, the follow- 
ing is a potpourri containing recom." endations on using the SPP program, miscel- 
laneous notes, and guidelines for selecting values for certain of the input quantities, 

the input oriented comments m presented in the order in which the variables 
appear in Section 2.  Amplifying comments, of the type contained herein, for the 
grain design and ballistics inputs have been integrated into the text of Sections 
2.7 end 5. 

the best recommendation that can be made Is to encourage prospective user's 
of this program to carefully study this manual in order to learn the capabilities, 
intricacies, and limitations of the program.  Time spent in this way will be repaid 
several fold when the user tries to run cases. 

Until the user has achieved a high confidence level in running the program, 
it Is suggested that the modules be executed one or two at a time,  the output can 
then be examined to see if it appears to be reasonable, and that the case that has 
been run corresponds to the one that the user desired.   Th*s approach can save the 
user considerable computer time during his initial attempts to run the program. 

SGSOM NAMEUST 

Many of the inputs from tMs Kamelist are autonuu*c Uy transferred to the 
relevant celc üation modules.   These geometry inputs can *,* over-ridden by direct 
Input to a given module, but remember that sach a ge*>m#try change is known only 
to that module. 

ASUP It is suggested t*at some extra values of ASVP be pecked 
around the exit plane, average expansion ratio« %n6 any 
regions of particular Interest, since interpolation Is per- 
formed in this table.  Otherwise, a reasonable number of 
roughly equally spaced values will suffice. 

ASUB These need to be input only if subsonic informatics* is 
desired (unless en ODX solution Is called for, then 
ASUB(l) must be input equal to ECRAI). 
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RCÜRV 

RSD0T 
TBURN 

TKETAi 

THETA 

AVELS 

$?RQ9 NAMIOIS. 

into 

TD2P requires that the throat be circular with a single radius 
of curvature«   Different upstream and downstream radii of 
curvature are allowed in ODK.  If the throat is not circular, 
RCURV must be obtained by a best fit to the specified throat 
geometry.  Values of RCURV <1.S should be avoided; the 
TD2F transonic analysis will fail for lower v-'ues. 

These values are over-ridden by the results of the ballistics 
module if BAL ■ 1 or 2 in the $PR03 Namelist. 

the transonic method in TD2P will fall if 6t> 45°. 

If the real nozzle shape cannot be input due to program re- 
strictions U is better not to try to match THETA with its 
actual value.  Instead« one should try to select THETA to 
minimize the differences between the real and input nozzle 
shapes (see comment on THJW under $TD2 Namelist}«  It 
should be understood, however, that if THETA is not equal 
to its actual value the empirical 2-D efficiency calculated 
by the program will be erroneous« 

Remember that this table starts at 2, so the total number of 
points, NWS, is equal to the number of input points +1. 
Check the wall derivatives tables printed out in ODK and 
TD2P for wiggles«  Don't try to input too many points, or 
get spacing to close«  If table is bad (not due to input 
mistake) it Is usually better to throw out points rather than 
add them« 

If BAI^l or 2, AVELS must be input In order to calculate an 
empirical two-phase efficiency« 

Setting 0DE, BAL, etc. equal to 3 oUows the relevant loss 
efficiency to be input in the ETAIO) table«   This allows the 
a*or to bypass both the calculated und empirical options 
of the program in favor of a value obtained from a different 
analysis (if the user has reason to believe the present 
analysis is inadequate for his problem), or for any other 
reason. 

When this Jlao is incut as 1 the initial data for the kinetics 
calculation is automatically obtained from a "restricted 
equilibrium" solution«   Unle*s the user has a strong reason 
for wanting to input his own initial concentrations, etc«  the 
use of IREO0 is not recommended.  Also, If IR£Q»0, the 
program cannot calculate fhQjg unless it is "fooled" by user 
prepared punched cards containing tfne Igp    values that 

are normally punched following execution oia restricted 
equilibrium solution« 
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SODE NAMELIST 

PID 

OFSKEDß) 
DELH(I) 

ODK USAGE INPUT 

For  0DE«1, ODMl and TD2P/1, the MIX array can be 
used as described In Reference 1. 

For the present application the ODE program has been 
modified so that it can execute only rocket problems. 
Thus, only P(l) will be considered. 

In its current application the ODE program has been modi- 
fied so that only one zone can be considered. 

The user is cautioned that ODK execution times become 
very large as pressure increases be/ond about 600 psl. 
Fortunately, at high pressure, the kinetics loss tends to 
be quite small (a few tenths of a percent of loss) and the 
empirical relation for the kinetics efficiency can be utilized 
without qualms. 

The ODK running times are not insignificant even at moderate pressures 
(P < 600 psl).   The size of the present reaction set (Table 2-13) and the speed of 
the aluminum reactions are such that execution times on '.he order of 2-5 minutes 
(CDC6600) can be expected at moderate pressures.   This, ODK should not be ex- 
ecuted indescrimtnately.  Its use is warranted only when the utmost accuracy 
(that the program Is capable of) is desired, or when it is suspected that the kinetics 

loss may be relatively large. 

A completely satisfactory set of reactions and reaction rate data for alumin- 
lzed solid rocket propellents does not exist at this point in time.   The set given 
in Table 2*13 represents the results of the limited study that was possible within 
the constraints of the current effort.   Should the user be interested in modifying 
this reaction set it should be pointed out that execution time is linearly propor- 
tional to the number of reactions and proportional to the number of species to s 
power between 2 and 3. 

With the previous comment in mind the user should use OMIT cards (section 
2.6.2.1) to eliminate as many of the unimportant (from a performance standpoint) 
trace species as possible In the ODE restricted equilibrium solution. 

The kinetics program allows for different upstream and 
downstream throat radii of curvature (the TD2P program does 
not).  If a combined solution including both TD2P and ODK 
modules Is to be executed (and In reality RWTDpttWTU) It 
Is probably not worth changing to a different nozzle shape 
for the ODK solution unless the downstream expansion Is 
so rapid that the single radius (less extreme expansion) 
approximation would lead to serious underpredlctlon of 
the kinetics loss. 
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RZN0RM 

HI 
HMAX 
HMIN 
DEL 

TEXPLI 
IF 

JPRNT 

IDYSCI 

EPSEL 

FWRS and P\,£S are  already normalized if they have come from 
SGEQM.   Thus, RZNORM is not relevant unless ODK Is run 
in a stand alone mode. 

The nominal assumed values should work well in most cases. 
User's should not change these values without first becoming 
quite familiar with the ODK program; they can have a very 
large impact on exectuion time. 

It is recommended that these values always be input as 0 
because of the speed of the aluminum reactions« 

It is recommended that the -2 option be used.   The other 
options (except -1) can yield voluminous output. 

The user is warned not to change the assumed value, 
ing on this option uses alot of trees. 

Turn- 

To eliminate species for the ODK solution the use of OMIT 
cards is somewhat preferable to EPSEL.  With OMIT cards 
the user has direct control over which species are to be 
eliminated. 

STD2 NAMELIST 

DZI       DL 
DZMIN DTWI 
SAUR    DR 

EW THFD 
ZI 
ZJ 
VAR 
HFD 

MLP 

RRT 

TKIW 
THJD 
THJW 

ZAX 

IMAX 
Nl 
N2 

The nominal assumed values for these variables should 
suffice in almost all cases.   The user should be quite 
familiar with the TD2P program (and be unable to run a 
case otherwise) before venturing to change these values. 

More than 20 points should not br required, but one should 
probably not use less than IS. 

Should be greater than, or equal to,  1.5 to avoid problems 
in transonic solution. 

7HIW should bf selected such that the Mach number at the 
wall initial line point is about l.l.   THJD should be set 
to about 3/4 of TKIW.   THJW must be greater than THIW 
(the initial line must be on the circular portion of the throat). 
See comment on THETA under $GEOM Namelist. 

An estimate for this quantity may be made as follows: 
1.2, 1 - cos ». whefe      m attachment 

ZAX x (Rc sin et   +    ngTj—— ) S*   exit angle 
w j^ 

This estimate is based or a first order source flow approxi 
motion • 
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NTBL 

XITRL 

IT0T 

XK 
PEXP 
XL 
XD 

STBL NAMELIST 

IPRINT 

THETAI 
PHII 

MZETA 
ZNSTAN 
T0LCFA 
T0LZET 
T0LZME 

The nominal value should suffice. 

The results of the TBL program should not be too sensitive 
to this value (for further Information see Reference 4). 

A value of 3 is recommended for IT0T.   A larger value, 
while possibly a little more accurate« increases the risk 
of Impingement, 

Since the particle size correlation Is empirical the user 
Is procedlng at his own risk If the-e values are changed. 

Should be left » 0«   IPRINT = 1 leads to voluminous output. 

The solution should not be too sensitive to the value Input, 
These thicknesses decrease as unit Reynolds number In- 
creases . 

The user should be familiar with the TBL program and/or 
boundary layer theory before trying to change the nominal 
values. 
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5.   SAMPLE CASES 

The Extended Delta Motor   ' is representative of modern finocyl grain 
designs whose complexity warrants the use of a three dimensional grain design 
program.  A sketch of this motor is shown in Figure 5-1* 

The Input and portions of the output from two sample cases based on this 
motor are presented in this section.   The sample cases serve to facilitate program 
checkout, while serving as adjuncts to the input and output descriptions. 

The first sample case utilizes all of the SSP progräm modules except for 
ODK.   Thus, ODE, Grain Design and Ballistics, TD2P, and TBL solutions were 
obtained, as were complete summaries and a thrust-time history.   The second 
sample case represents an ODK (and restricted equilibrium) solution for the Ex- 
tended Delta*  A complete summary performance page based on the combined first 
and second sample case was not available for inclusion in this manual. 

The sample cases are preceded by card image listings of the input cards 
used to run them.   The following discussion of the Grain Design and Ballistics 
input for the first sample case is presented to further enhance the user's under- 
standing of this module's relatively difficult input requirements. 

The first group of cards present the grain geometry input.   BIO-11.92 denotes 
the web of 11.92 inches.   NB1Q*2Q denotes the number of burn increments; its 
significance is the number of new geometries called by the ballistics calculations 
(returns to HERCULES) without interpolation.   SXOO denotes taking advantage of 
the symmetry of the motor, and 16 represents the fact that the diametric cross- 
section may be divided into 16 pie-segments.   Such may bo done with an 8-point 
star, each star segment being divisible in half.   The next card defines the longi- 
tudinal grain mesh; the grain goes from X01*0 to Xll*45.72 inches, and is herein 
divided into a mesh of NX!1*100 increments.  Thus, ballistics answers will be 
output at 100 grain stations.  N^ aiU% *ft *ft Wm vM9 IWfrffi ffffilfflvl WSW* 
118. and for an end-burner must be selected such that the mesh dimension (0.4572 
inches in this case) is larger than the expected product RO+DT (burn rate times input 
calculational tune increment).   The next card defines the lateral grain mesh; the 
grain goes from a lateral distance (radius in this case) of YD1"0 to Yll*20.00 
inches, and is hereto divided into a mesh of KYI 1*40 increments.  Note that Yll 
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Is selected to be larger than the motor radius; this merely assures that no dimension 
will be inside the motor in case of error.  Note also that the computer time will 
be proportional to the product NX31 times NY11.  A 100 x 60 matrix was the lar- 
gest found to be necessary to avoid saw-tooth pressure-time trace outputs in 

complex grains. 
The significance of the first group of cards is the definition of a geometry 

which is completely filled with propellant and divided into a calculatlonal mesh. 
The following groups of cards define the burn surface by subtraction of volumes 

and codes. 
The first cylinder group (CYU) subtracts out a cylinder which fills the 

central port of the motor, and Is tangent to the star points as soon as they begin 
at about 1/4 of the grain length.   The centers of the circles bounding this cylinder 
are located at (0, 0, 0) and (46.00, 0, 0):   0QO, Y10, Z10) and (X20, Y20, Z20), 
respectively.   The cylinder may extend beyond the boundary, as done here where- 
in the 46.00 exceeds the 45,72.   The last card sets the radius R00*i.88 in. 

The second cylinder group (CYU) subtracts out the cylinder In which the 
subr ?rged nozzle throat region Is snuggled«   ühe coordinate* of the defining 
circles are centered at (34.22, 0, 0) and (46.00, 0, 0).  It may overlap the pre- 
vious cylinder, as Is the case here*  A prior card inputs the rounded comer seen 
in the drawing.   This is the BURN card with CR00  and 0.7S in. as the radius of 

the corner round.   The radius of the cylinder is  RQ0*4.55 in. 

The next group labeled CONE subtracts out the conical volume that paral- 
lels the submerged nozzle exit cone.   The surface of this cone, as the previous 
cylinder, is tangent tc star points.   The coordinates of the defining circles are 
centered at (4S.72, 0, 0) and (39.40, o, 0).   the radii, respectively» are R10-7.30 
In. and R20-4.55 In.   Note that a cylinder Is really a special case at a cone* 

The next cylinder group (CYU) subtracts out the aft volume and allows the 
end-fice to burn*   The coordinates of tho defining circles are centered at (45.72, 
0, 0) and (46.00, 0, 0).   The radius of the cylinder Is  R00*12.00*   (It might be 
noted that, if the aft end were inhibited, the second card would have to be a 
BURN card, with NB00 (no burn) as the proper analogy to CR00). 

(As a further note. If the aft end were, Instead,a division of segments of 
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a segmented motor, then in addition to this cylinder with a no-burn card,there 
must also be a division of mesh in the INIT ^ards.   The first segment would go 
from X01 to XI1 as here, with NX11 mesh.   The first slot would go from XI1 to X21 
with NX21 set to -2 to key HERCULES for a segmented grain.   The next segment 
would go from X21 to X31 with NX31 mesh, etc«   The reason for the no-burn cylinder 
fitting the slot Is that the HERCULES scheme needed to be modified to properly 
compute the burn-back in the slot region.   Other inputs required for a slot are 
associated with Table 2-12. The new scheue was verified for the Lockheed Pro* 
pulsion Company 156-5 motor). 

The next two groups subtract out the star volumes.   The first of these, 
labeled CYU, deals with the circular cut at the front end ->f the star cavity.   The 
second, labeled PRIS (prism), deals with the remainder. 

The cylinder group, CYLI, attempts to lay a pancake cylinder inside a star 
so that the curved surface of the cylinder approximates the curvature of the grain. 
The corner round card takes into consideration the 0.25 radius of the star valley. 
Thus, the fitting cylinder does not have a sharp edge, but a rounded edge fitting 
into the star valley.   Because the axis of the cylinder is toward the perpendicular 
to the paper, the X coordinates are constant.   However, the Y and Z coordinates 
are offset from the plane of the paper and the centerline of the motor as appropriate 
to lay the cylinder inside the star as closely as possible. 

The prism group, PRIS, begins at the end of the curved surface and extends 
down the grain for a height H00-27.80 inches.   Three coordinates *-e required 
to define the prism, which lays inside the star.   Again« the X-values are constant; 
the Y and Z values define the triangle at the constant X position, and the H00 ex- 
tends this shape all the way down the grain where it overlaps the cylinders and 
cone at the aft end.  A corner rojnd card ac—unts for the curvature of the star 
valley.   This completes the grain definition except for the outet periphery. 

The next group of cards tabulates a series of pressures followed by cor- 
responding stread burning rates.   Five antrie*   are used in this case; the maximum 
allowed is 99, *i this presents no limitations.  The number 5 appearing at location 
6 on the first card below the logic card must equal the number of entries.   The 
burn rate table is the first table at location 1.  Location 3 specifies one rate for 
each pressure.  It is good practice to input burning rates over a wide pressure 
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range to account for exponent variabilities, and to include a pressure higher than 
the expected maximum«   The following group of cards is a corresponding group 
for pressure exponent, or slope, which is the second table at location 1. 

The next group of cards tabulates the axial positions of the propellant 
and the corresponding propellant radii.   This is the third table at location 1. 
Again, 93 entries are allowed; this case used 36 entries, and this number of 
entires must appear at location 6 on the first card below the logic card.   The 
initial and final axial positions, zero and 45.72, must correspond to the zero and 
45.72 appearing in the INIT cards (XI 0*0; Xll»45.72).   No other consistency is 
required.   Thfc fourth table at location 1 is insulation input»   The input is values 
of time (first card) and corresponding insulation areas exposed (second card). 

Time increments are the fifth table at location 1.   In selecting the cal- 
culations! time increment, the product of this time increment and the number of 
bums (NB in the grain design input) should approximate the expected bum time. 
This increment will impact computer time, but is of secondary Importance as com- 
pared to NX and NY.   The next entry is the desired Intervals for output.   This 
latter time interval can be larger except where detailed study or plotting of results 
are desired; it hos a trivial effect on computer time.   If is is desired to have 
variable time increments in the course of the calculations, the tables may be ex- 
tended by inputting additional times and time increments associated with those 
times {e.g., finer increments for boost-sustain transition). 

The last group of cards ere Table2-12inputs, m the order of and with the 
units given therein. The 4,    1 is a required key to end table loading. 
The first entry, TSTOP, should be selected to be somewhat greater than the ex- 
nectud bum ti: o.   If TSTOP is uwth«(2 before the computer time reaches DTIME, 
the computations will terminate, so there is the possibility that the tail-off will 
not be computed if TSTOP is too short.   The input value of nozzle efficiency in 
(15) should be 1.000 for an integrated mode calculation, and can be something else 
for d st<md-4iow mode calculation.   The projected nozzle area in (19) is defined 
by the annulus formed by the outer nozzle material shell and the open throat. 
Value:; of ambient density (23) and thermal dtffusivlty (26) are, respectively, 

-ti     /   3 -4   2 4.43*10 "iVta   and 3.0x10    In /sec.   The user is cautioned to remember all 
-1 completion entries. 

Other tables do not appear because they are not used. 
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1.11*4741 
1.1114371 
1.113*471 
1,11*44*41 
1,It«744* 
i, 1174*44 
1,11*7**' 
1.1144*14 
1.1**474» 

1 ,1134371 
1.1**4*44 
1,12****1 
I.UHM4 
1.1**444* 
1.13<»344? 

1,13***44 
i,i3**'** 
1.134**7* 
1.13?**»3 
1.13***3* 
t.1404414 
I.1414TM 
1.14*4444 
1,1443*74 
1,144741t 
1.147**«* 
1,14*4*4* 
1.1*4114* 
1.1*1*7*7 
• ,143*444 
1.14*4**1 
t.l S4403 

•5)4fc«n 
.4424449 
.4***34? 
,4447324 
.««44231 
,*»9?3tIt 
.«MM**«* . 
,94**4*4 
,9*43*9* 
•9?»4*94 
.9797*41 
.•»7*4441 
.9*317*1 
,4*4?*40 
,9*4*19? 
,49*t«32 
.4*77**9 
.4414114 
•Mum 
,4447317 
.41*3474 
.•144414 
,4lV**3? 
.4933433 
•42C-9V44 
.4344344 
.43*9743 
.43*4144 
.441*444 
.4441423 
•4444*44 
.44*4444 

.4447144 

.44333** 

.4444444 

.4?09**3 
,47*1*94 
.4??***3 
.4*14149 
.44* 9*43 
•4444344 
.49**3*1 
.4444343 
,44*433* 
.7iT «44 
•74*4*3* 
.714*134 
.7134821 
.7173474 
.7*44744 
.7*44444 
.7*41*49 
.711743* 
.734*744 
.f344*44 
,7***U4 
.7*4*744 
,7444344 
.7434441 
.7144*11 
.744*444 
.7437441 
.747J4U 
,7744444 
.77*3474 

14.47944  ' 
14,44444 
14.74441 
14.44444 
14*41444 
14.1*444 
14.23444 
14.34444 
14.44444 
14.44444 
14.47444 
14.74444 
14.44444 
17,44444 
17.11444 
17.22444 
17.33444 
17.44444 
17.44444 
17.44444 
17.77444 
17.44444 
17.44444 
14.14414 
14.21444 
14.32444 
14,43441 
14.44444 
14.44444 
11,74911 
14.4744t 
14.444ft 
1«.44*04 
14.24444 
14,31*44 
14.42444 
14,43494 
14,4444t 
14.744tt 
19.94411 
14,47404 
24.44440 
24.1*441 
21,36919 
21,41910 
*4.42401 
St.43414 
24.74414 
2t,44411 
21,44411 
21.17411 
21.14411 
21,*4441 
*|,40901 
21,91401 
21.42410 
*1.73911 
21,9491t 
21.44441 
22,14444 
22,1 ntt 
22,24444 
22,39411 
22,4444! 
22,41449 
22.72944 
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1,l9«99f3 
i,!***•** 
1,|**1*«* 

t,|»**?t* 
1,]9?t*f9 
l.l«*«*** 
l.?#*9f*9 
1.2122*9* 
t.?i«?*?i 
t #»t*i**t 
l.?33?f*9 
1,2*1?**? 
1.?*»9**?9 
i,29?*ei3 
t.7*3179? 
t.2?399*3 
t.?«7|9** 
1 .29 M» ?• 
1,2999??» 

i.3l«9??« 
»,»»13« 
1.3379*4* 
1.!•?•?*? 
1,)9*?r*? 
t.J***3?* 
i,??«??** 
i.i9*i?i? 

i,*!?*?** 
«.*?)*>n* 
1,*3999** 
!,•*?%*** 
1,*«*«*!« 
1,»?1»?H 

1,*9**)9? 

I.927*99* 
I.IJMH« 
I.4***7*3 

l,9??*f?9 
1.991*T1* 
1,**93**« 
t.*1**?9* 
|.*3*»'*9 
t,***•'11 
!.***9'7» 
•.♦•••I** 
1.99**3*? 
i,tii*?*i 
l.???*?*# 
«.Mil«»* 
1.7***7*? 
1.77*1»*« 
1«9*9»I9| 
1.«|««*49 
♦.«??9«9* 
«.***»«*? 
|. **>»*»*** 
t.»9'9»9* 
!.***»*n 

.??79?** 

.?*»*«?3 

.793*7*2 
,**«973? 
. 1«993l 
,«9?*1** 
,*«*3*1« 
,»*«?9«* 
,*rt?*** 
,**1««?? 
,«#9*9?9« 
.•733»? 
#«**|?9* 
.«9?9«99 
,*?S3t*7 
.99J*9«9 

1,9l?3939 
t ,«l|9*l* 
1,0*13»*« 
l.lMMH 
|.«*23**t 
Uli 39*«* 
i,?791799 
1,1*733*7 
1.17WH 

1,2?*7033 
1,?9*7«1* 
Li 7*3*7« 
1,J9»*I?1 
1,37999*3 
1,39197*3 
1.37**71* 
1,4*9**3* 
1,*3?93?9 
I,**»*«** 
1,***3?9» 
1,91*?3«* 

1,V 797*0 
!•<•'» v*ooo 

1,*?»97?* 
1,7».«*** 
|«?**l«7t 
1.7**9*93 
1.***»9*1 
1.»339*1* 
1,»**tl2* 
%,**2*?*3 
»••3*177« 
|,*7I»*** 
»,««••*** 
?,^**«»e 
»,PM7*M 
7>,!?i349« 
>,1««*«»9 
?,19««*3« 
?.?17««3* 
?•?<**?** 
?.3t*993» 
».Vt'lft»? 
»•99*1*9* 

>.*%t%*«*> 
»,?t**79f 

77.93*99 
77,9*9*« 
22.999*1 
22.999*» 
»7•9*91I 
77, 999?« 
77,99«*« 
t?,99«tt 
77,9979« 
73,99779 
77,9979« 
77,99?*« 
7?.f9?3« 
77,99739 
77.9973« 
77,997*7 
72.997*3 
27.997«« 
72.99111? 
77,99««« 
77,99««* 
27,999*2 
23.99929 
73,««l«? 
23,«*tH 
73,**79« 
23,9***9 
73,««93* 
23,«**7S 
?3,«««f« 
33 .oe«M 
33.99933 
29.99**« 
23,99379 
22.999*7 
2?,99?3* 
??,99**4 
72,97*1? 
77.9**97 
n. 95*99 
72,9*912 
U, 9*J 32 
22,939«? 
22,931«! 
22,92«39 
22.92*9« 
22,929«? 
27,92929 
22,9?*«3 
2?,*3««« 
77,93*9« 
77,9*99« 
22,9*«*| 
22,*37«? 
27,9**9* 
??.9«1«9 
7?,99*?l 
73,919*9 
3}.99tl* 
79.9979? 
71.97*«« 
77,19*9« 
*9.|f«39 
79,19««* 
?9,|9«l» 
?3,??*39 
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1.*1T??*3 
l.*3**P** 
).**4ftff7* 
L*7*«?A4 
I,*»"»?**« 
?.8t??*t5 
?.o3*i??4 
?.**?*4t4 

7.6 *?»!»•* 
?.11WM 
7.133»1*§ 
?.l*4*n«? 
7.IT*3**3 
?.l»*3*e* 

?.23«S7** 
2,2***1*5 
7.2*1114* 
?.397**77 
7.323*42* 
?.34%*44* 
?.34*?f*3 
7.3M4171 
2.41 "7772 
2.4322W 
7.4*4*«** 
?.477|*t» 
?.SfM»42 
».«36714 
7.&*7«M* 
?.S??***2 

7.421«!** 
7.*4*%f1* 
t4*yip«4* 
?.fe%4?7« 

?.7**7«*4 
?,?*4T!4« 
7.*<«?»** 
?»**»?*7* 
t.mir'4 
».*2*4>T| 
?,***3»4? 
3.W**7* 
1, $3****2 
3.*7?7*** 
3.!**447* 
1,1«|441* 
>,t7**%|l«l 
7,?0***3t 
1,747*47* 
7(2'*t**s 

7.33****7 
3 3**474* 
3.3*3 !•** 
>,*?'**^ 
7„4*Y*«f4 
7.47VM7 
3.4*««»7* 
3.%2n77* 
t.**"l7»l 
3.f77727l 
*,t»vn«» 

?.9***S*2 
2.# 1*3*1* 
3>.*S*2S1* 
?»****74« 
7.743*»** 
?.7U**26« 
7,*34**21 
2»f»»**47f 
?.*T773*2 
?.*7$**«2 
3.*22f**t 
3,*7»**72 
*.n*mi 
?.1**«2** 

3.7*«7747 
3.319*2*4 
3.*7ft**|4 
7.4|2IT*1 

3«*7**3*3 
3«43S4M# 
3 .4*7*12* 
3.742*2*2 
3.7»7f2** 
3.*«29**3 
3.**S*?2* 
3.**4*26* 
4,*2I*4** 

4,1371**7 
4.1*5*4*1 
4.7*44*25 
4.313'*7t 
4.373*732 
4.43f*«7* 
4,4*4*417 
4.******• 
4«M77|9« 
4,41*9*23 
4.**?•*•*% 
4,*a*«*7* 
4.*t*M*7 
*.*137*4* 
4.»***22* 
*.ft*3f*3* 
4.17*1*7* 
5.1**2*** 
*,T*I*»** 
*.3?**5" 
%,3**5|3* 
»,4*4**25 
4.M3B74) 
*,*«?*7*1 
*,*7|*»*% 
*,?4#»i7* 
«.4U«*i* 
*,****7*| 
*,t*4t*7ft 
*.?7*>t**4 
4,4**43*« 
4,f7tM4* 

»,3*»***7 
*,3«3***3 

23.2*123 
23.2**3# 
»•3UU 
»3*3)344 
23.3***t 
»3.1*4»* 
23,27**2 
23,2**72 
23,2**73 
»3.1*1*? 
*3.t**t» 
».•Mit 
22,**3l* 
tf.§7#n 
22.79*1« 
22.*7237 
22.5*3*2 
22**22** 
t2.2***3 
22,12*91 
»l.f«Mt 
II.M4H 
21,923*4 
21.9***« 
«,MHT 
ft.ft?** 
22.M1** 
*>.1Y*H 
22.3*7*1 
22.93279 
»2.*3»*§ 
23.2992* 
23.99*9» 
»4.14IM 
14,441*7 

n.ttm 
24.4232* 
2*.**«29 
77.47*22 
**.»**7* 
2*,|72** 
29.39799 
tt.91622 
29.4*129 
29.*74*9 
29.3191' 
f*,i***7 
2T#9**99 
?*.7*5*4 
2*.**2V9 
7*.*4i9f 

2*.2***4 
23.33599 
72,51*15 
71.79*7* 
2|,***** 
2*,427** 
l*,957*f 
l*,3*43* 
t*,****2 
I9.*t3i* 
19,3*79* 
19,194ft* 
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1.621***5 

3.6«i0»-*l 
3.6<r**'18 
3.72!Vr(0 

3,eo??pft* 
3.829^86 
1,857**10 
3.PB49405 
3.9145fO* 
3,9411*45 
.».9724733 
4,oo:*?t6 
4.C3l3Hft<4 
4,061II«* 
4.D9n«o?i 
4,12*971? 
4,lSir>14 
4,1*U?*4 
4.2111^ 
4.24'J?»<» 
4.27l]*7b 
4.301f?i4 
*,jJ0ft«15 
*.3*Cl*fc2 
4.3*>936r* 

*,44*H?-48 
4,4"*.>"?P 
*.503?t*5 
4.531)i78 
4,4S«?*n3 
4,5«:*',<»<a 

*.M1j'»*9 
4,M***«5 
4 ,6674 1 j "J 

4.694?>.r? 
>,7/»      ^ 

*,7'41Tft» 
t,*0:r**M 
4,H<'77-»#,T 
%.H5*4»ftr 
4,»811*47 
*. '**•»?» 45 

i,.9<*   1"1» 

5.34-7»T* 
«,   f* mv*( 

*>. \3n 3*°* 

«., Jf« »7 **« 
*.?!*  '7«? 

V2?«*»? 
«.VU^l 
«. V?«ei'> 
«.,.*• *'»7» 
4,i»**»*l 
S.*' *.♦!■ 4« 
«,,4**47*4 

ft.4678087 
ft,54 30922 
f..6^8566 
f.6951080 
A,»718*04 
ft.H490S5ft 
6.92675*1 
7.00*9354 
7.0*35997 
7.1627469 
7.?423772 
7,322*904 
7,4030H»>5 
7,48*1657 
7.565727ft 
7,6'77729 
7.7J030C9 
7.P133120 
7.8*68060 
7.9807830 
ft.0*52429 
8.J5018SH 
A.7356117 
ff.72)5206 
8,4079»25 
8.4947873 
8,*8?U51 
R.ftf99859 
8,T««3096 
ft.A*7ll63 
8.91*60*0 
9.C261787 
o,n*«3*1 
9.7071TM 
«,'«83943 
9.?"l»0990 
9,**22«6fc 
0,^,749571 
9.6r.81103 
*.?6i7*7fl 
9,ft«»SS%6* 
0.<#,..ri*488 

irv,A*5554<> 
ir,14M??S 
1*.73T17J8 
|«.33iJft*i 
1«.430 7?54 
lr.*»82?5». 
lr.^?*2f.*'8 
1^ ,T?467br 
1^.»»3^24| 
J r . Q ? ^ «■* ^' 3 

11,121.1*95 
ii,2742».o5 
M.1»56l*5 
|i,*?'-»IS 
11.57*7915 
11.432*0** 
n,71>980l 
11,8 .9*792 
11,9419411 
19,«««605<* 
12.153*137 
17,7596244 
1?.3658161 

11.09775 
18,09875 
18,18922 
18,36810 
18.58319 
18.78358 
18.96698 
19.13318 
19,28195 
19,41303 
19,52617 

19,62111 
19*69757 
19,75526 
19,79388 
19.81311 
19,8126V 
19.7920* 
19.75102 
19,68917 
19.6^608 
19,50133 
19.37**7 
19,2250* 
19.0525* 
18,854*6 
18.63627 
18.391*1 
18,12*54 
17,85917 
17,00619 

17,36600 
17.1389ft 
16.9?5*3 
1»,7>57* 
16,5*0!»., 
1 «,1692ft 
16,21314 
lft,0''22l 
15,*4ft7ft 
15.-1718 
IV, 74371 
15.6*467 
15,60637 
15.56310 
15,53713 
13.5287ft 
1*.?1*25 
lS,5ft58ft 
l^.ftcft«? 
15.» *71* 
lS^47i«. 

t5,fcem 
i3,MUtfi 
H.6T*2l 
I«< »656*5 
15.42627 
15.5*409 
15,52996 
15,44397 
H.3M85 
15,?1539 
1*.192*1 
lV.076fi 
l«,9*«0ft 
14,80626 
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u»e to 

0 is 

L9f TO 

1 1* 

i * 

2 14 

7 * 

2 5 

L«C ID 

3 1 

3 4 

3 4 

3 5 

IP* TO 

* 14 

* 4 

* * 

4 9 

l»9f ID 

* 1 

"*.4749*55 
5.«94643* 
*,526fl0ft6 
5.551?461 
O.OCfOPOO 

l.l*43T©   .4,592 

• 2 
K       flftf 

.99772   .44549 

l.*5*4S   .4A4f2 

• 2 
«     PC« 

.4l«31   .47170 
1  .???l9«f*ni 

,99699   *«*3T2 
1   ,247*T9r*r! 

!.f»7M4   ,5«9ji 

9 2 

1?.47*4950 
I?.5795547 
1?,'972974 
1?.7954230 
9«0009000 

MACH 
VP« 

TO 

U,65190 
U. 4«? 3« 
H.29970 
U,10302 

VO   TMCT4-» TO/TOO 
T«ET4.K       TPK 

P6/P60 DO/009 
OPK/OO 

«DK/OO  CF 
0P9/0P0 

ISP    IT 
9PK 

1.2913 5193,0 «900.3 12,900 .05*30 .29000 .1*491 0.00000  1.2*7* 291.73 0 

M4CN    TO    VO   THCTA.0 TO/TOO P0/PO9 00/000 
VPK        TMCT4-H       TPK       DPK/OO 

1.7053 5223,2 4990.1  11.014 .0*32* ,30*73 .30079 

1.370V 51*3.5 9370.0 14,035 .04340 ,20300 .31263 

*«CM    TO    VO   TMCTA-0 TO/TOO P0/P09 00/000 
VPf         THfTO.«       TPft       DPK/OO 

1.2445 5246.7 4926.«  10,143 .06713 .320*0  .37010 
•4*74402*04   .73*3242*01   .5309902*94  .16*7742*92 

1.3339 51*1»,7 9232. f U.97«  .05127 .20973 .3fO70 
,47764?2*r4  .937370E*ol   •52421*2*94  •1692452*90 

SOU/DO er 
OPK/DP9 

ISP 
NPK 

IT 

9.90000 0.0000   0.09 0 

9.00000 1.2000 203.22 0 

«OK/DO  CP 
OPK/OPO 

ISP 
OPK 

IT 

•10077 0.0000   0.09 0 

•160400**00  «231720C*OS 

•10920 0.0900   0.00 0 
•1442042*00  .2»I72SC»0» 

1.4496 5924.9 «616,*  ,5.9öS .0)042 ,23**1  .20600 0,00000 I »2*01 204.7* f 

tf      OCR 

.4971$   .494*,* 
1   .2145W5P.nl 
?   .746254r.nl 

.44*11   ,57152 
1 ,?42594r.ri 
2 .9»7Q679*PI 

I,r«4i3   ,55757 

1   ,2557?ftF*<M 

M«CM    TO    VO   TNETA.O TO/TOO 
VPK TMfTA.K       TP9 

1.2279 5265.2 40*9.6 9,307 .07919 
,4S4*14t*04 .690996r.01 .5171122*04 
,4260512*04   «469017F.01   .537*072*04 

1.7*4* 9196,2 5097.5 11,549 .05079 
,469495-«r»4   ,44?6222«6l   .«270292*04 
.4J4?7,2*44   .AA09*5f«e,   .53?9otf*04 

1.4«|* 5990.1 9392.7 ,4,??4 ,04257 

,4935992*04   .1673*52*02   .51162*2*94 

PO/POO 00/000 
DPK/OO 

•33013 .379)0 
•1657922*00 
.2051002*00 

,29043    .34751 
.1491191*00 
•207O34f»0O 

.2*009 .30**3 

•1*0)652*00 

SOK/OO  CP 
OP9/OP0 

I$P  IT 
OP« 

1,A«5?Q .60969 

2 

1,5193 4947,7 4049.9 17,77« ,0l?7l  .21400 ,202*9 

1«     *h* 

.••A?3  .«64*2 
1 ,7«9?f>*r.ri 
2 ,7>i57flr.fl 

.4*1*?   .«4314 

1   ,?4*2**r**l 
>       ,«>F344(.rl 

t.*»17*T   ,59|T9 
I   .749**"r.*l 

t.tAAflO ,64«34 

f 

"4CM TO VO THCTA.O    TO/TOO 
VPK TMfTA.ii TPK 

1.2145 57*5.7 ♦037.1 0.9:11 .9T192 
.4«1*«,f*0* ,*>5 %lr«€l ,5J?6697*04 
,4143241*44 . 4*4 i ?*»F . P ! ,«3»20l2*04 

1.1194 51*5.5 4f03.« ,2.3*5 .0537J 
,4775j5f*o* .«Pi3Sr.fi .«?4393r»04 
.4M4*Qr*»4       .644»27C*M       .»304352*04 

S.*,?* 404*.« 4*93,7 ,5.e35 .»3*0T 
,*M2l*2*64       ,U4510C*02       ,514997r*04 

1.4615     4*60,5    »974,*     t0.975     .Oo99l 

TO 

PO/PO*    00/000 
OPK/00 

•33539     .)04*6 
•!043422*09 
.2041402*00 

.29529    ,334|7 
.1 '05*12*40 
•209,402*00 

•24907     .2*7), 
•1*07032*00 

.370*0 0.0000   0.09 0 
•1034272*00  .2517252-05 
•2021012*90  ,400*712*00 

.370)5 0.0000   0.00 9 
•1529012*00  .2517252*05 
.,9*9352*00  *406*7lC*o5 

•109)0 0.0000   0.00 S 

•1354512*00  .2517202*05 

9.00900 1.2051 200.10 5 

IT sot/Do    er 
0»*/OPo 

ISP 
99« 

.3*093 0.0000   0.00 0 
.1*42912*99  .2117252*95 
.2940342*99  ,4**0'lE*0S 

.379*9 a.0999   0.00 5 

•1490412*60   .25172*2-0* 
.1*1*332*00  .46**T|2*ff 

•1*97*    0.0000        0.00    5 
•I3f322€*00       .?*l?**€-05 

.     at* 

.▼47*»   .«UC15 
1  .i9*S7*r«*, 

4)4 C* 
VP4 

VO    7*476.0  TO/ TOO 
TMCTA.«       T** 

.20172 .2**J* 0.00000  1.2*10 29M9 5 

ISP  IT 

1.14«*     4?47,4     4T69.7        T.6H7     .670*4 
,44«.774r»9» •4940211*01 ,934*102*04 

9ft/»6>    00/000 
09R/00 

.34667     ,395*5 
.159*972*00 

504/00    er 
9*4/0*0 999 

.4)9*0    0.0090 0.00    0 
•l*4|40C*00       .2*S7<*f-*S 
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u«c 

I6f 

2 .73?i?flF4f»| 

4 .999Q0   ,«<7774 

2 ,TM»^M!»| 
* .?3*3Ur.n2 

4 .053*7   .f?BTO 
1 ,??001«»F»P1 

4  l.*?<»94   .6*333 
1 .?M**?* •<*! 

,414*A5F»04 
,36«22?E»04 

#3^06*€*01 
.l??947C»01 

,539726F*04 
,S4f210E*04 

.197798E.00 
,282141t.00 

.203490C4Q0 
,?9o260E*00 

.46697U.05 
,i*74?3E-05 

l.?0?6 5226.7 49H9,*, 10.432 .8*382 
,4to^7s3r^«'k .77c;?B3f:»0l .5265»3E«04 
.43>3lTr»«4 •9*?*72F*oi .5336357*04 
,3%l8#i?F»p4        .234SSf>E*01        .5*l3*0f»0* 

I.3737  51P4.2  5363.9  14.049  .8435« 
(49«949F»n4   .107487f»02   .518410F*04 
,4Sfi5)5F*0»   .81«944F*01   #§2**3*F»04 

1.4795 4986.9 97H.7 16.928 .82453 
,52S5i9^»04       .]343«0r»02       .5o6693E*0* 

5  1.1421»   .7»C63  I.***? 4779,o 6306,7 2».735  .78983 

TO 
6(« 

«4CM 
V* K 

TO vG TMET6-6     TO/TOO 
TMETA.K TPK 

.30970  .35652 .60891  0.0008   0.00 9 
•166071E*00 .154701(400   .25l72Sf»05 
•207o*8F»03 *192691E*00   .466971E»09 
.29b7O9C«0b .275520C400   .667473F*©* 

•25060     .30/97 .30252    0.0006 0.00    5 
•171242E»00 •l37029E*00       •25i725E-09 
• 2U201C400 ,1600661400       ,46697lE«09 

•22307    .2705* .16065    0.0000        0*00    9 
•)6O65SE«00 •116604E400       .2Sl72%-0* 

.170«6     .21633 0.60000     1.9053    200.40    9 

Zf 150      IT PO/POO oo/OGO SOK/OO 

0M/00 OPK/000 
\%p 

6** 

1 .7?«5*        .5*075 
1 ,lO0775F.ri 
2 .*M«»7*r.M 
1 .2297*2*.02 

4 ,*M?i       .*?*lO 
1 • ?v*'?**?v**\ 
2 ,7«46»Hr.rj 

7 »??*»**r»r? 

4 .'6i*U       .*0)r,9 
1 .?l9*>?f*0f 
2 .7*0*."»** .*1 

*     I,*»*1*-        , Mr>07 
1 .2?073*«"l 

Ul**f  5310.0  *7«6.0 7,203  .877*9 
.443457r#04   ,5173l7f.oi ,535720£*0* 
.»lP5l9f»p4   .36*2b7£»oi .640586f»04 
,3i»71j?F*04  ,1205172.01 .5»*608F*0* 

t.?925 5192,5 5P90.4 11.349 .05817 
,4T«I9AF«A4   ,«50?!9F4(ii   .525517C4A4 
,44l*?*F*r4   *44i537F*0l   453fl854**94 
.3»99P7F*04   .31«977t*f,i   .53066lE*o* 

1.41*7 «,0*1.7 «485.5 J5.071 .63656 
,5o»*71F404 .llOfl«5f*02 .5l443tF*06 
• 409909E.O«   «9??V21F.C1   .52106U.06 

1.5297 »9*1.7 +*1\.\ 18.222 .6i5p7 
.5»o2».*F«fl4   .14M;ilF.02  •5037*6E*n4 

•35350  .«0276 .61000 0,6068   0,00 0 
•lSS7fl9F»00 •162967E«00  .*5i725F-o9 
•1916O7E.00 ,7O6576E*09  .4*t%7jf.o5 
,27162*E*0<1 ,264250F*re  ,667473F*09 

.29313  .34156 .67694 0.0006   0.00 5 
• 1669Q8E*01 •l68tUF«eo .25}725€-e5 
•206967E*0O .lO5677E*O0 .066971E-09 
•300057F*00 .267l0lE*00       .067473E-99 

•24344     .29i00 .36462    0.0006        0*00    9 
•171932F400 .129907(400       «29|72SE»09 
•2126OOE.00 «160962C400       »666971E*09 

.20546     .25210 .16906    0.0000        0«OO    9 
• 1«9002E»CO .UU65(*00       •2Sl725E*o9 

4 1,«*9T*. 

0 

,AM*4 t.727j 471?.5 64M0.7 ??.999  .77005 .15570  .jCOPl 0.00000  1.3157 211.07 9 

*F.« 
»4C« TO vfi   TN*T4-0 16/160 06/060  PO/050  SDK/06 

OOR/CG       OOK/OOO 
CF ISP 

t .#7*4i ,*"99o 
,        m)mw*i .HI 

1        ,»?4****4f2 

4 ,4*4tS ,*-,'447 
1 ,»**4!9> «"] 
?       ,")>» ■ -r.«| 
1 ,^>*>H,f   I   »r? 

4 .•»'»I 

2       .'V. 

"U«6 

i- 

.•7»lt 

tr 
F ill  • 

l.lfOS     5V1.0     4*^.^.0 6.5«7     .979*5 
,44r*?T.04         ,4"»^0lf#.0l ,41»>740F*04 
,4l«>02*r*n4       .339t-tnf.Pi ,f4i33*'*A4 
,36410"F*04         ,|l4'.*if.Pi ,«<4749*r»04 

1.W«    6.1904*     -r-?.*     12.27?     .»6160 
,4«*4*'*.Vf .04 . ^ %«»* T 1 * • ■   ■ ,>;*,*1M »P4 
t4^f>*1A| 4^4 •'?!* "*r4f 1 ,W^T»-»ir 4«4 
♦ l*7*,4*lr*^* .4#S,M*f*,i .S30040F*p4 

j.4*^5     50l9,3     **^4.»     |0.P4«     .0>9*S 
,s|4M^r»r4      ti4»-i4%r*o2      ,%s r*»?**> *?»* 
t4Pr9*'.r,n4        tlf>l'»9f#e2        #H730H»60 

l.*f*»6     *0V«,4     *c**.*     19.434.     .0«»7T 
,55405?r***      •i9<w»/>»4e?      ,49*«*oVf *j»4 

1.74M     4605.;     HbUl     22.068     .^7431 

10 

.35«52  .»«674, ,59060 0.6000   0.60 0 
•lSl990r*oo .t6143lE*66  .25l725f-o5 
,1053*»E.fB .190057E400   ,46697lE*09 
•25924OE4Q0 .2753301.00  ,06747)2*69 

.2'7oo     ,32*^9 
•l*T7«»?4no 
•2iroi|f•©« 
•309?*lf*«»0 

,??TM      .774*6 
.I7?*75r.p0 
,21*530f.o0 

,06490    0,0660        0.00    9 
•14l666f*oo «|9l725F-o9 
•1700791*00 .4**97jr-o5 
•250722t«00       •••7673E*t9 

.3*7,4     0.0600 0.00    9 
•123796F400       .t9l729C*09 
•1531141400       ,*66971f.t9 

M«fM 

VO« 
«3 TMCrO»G     TO/Tt.O 

TM«TA.« TO« 

•1697«  .23491  ,17066 0.0666   8*66 9 
• 1700m .50   4lOO|69E«00   .*5l7j5E»f§ 

• U909    .10357 6,00000    1.3259    ?tj,70    9 

oo/»oe oo/n&o «ov/oo CF    I%P     IT 
0#« /P« 009/060 6)69 

1.1*74     »-3J1.7     4*s9#,       *#0»s     ,6«117 
,4i?497f.94       ,»»M.»H( «at       •637639r404 

.34464  .»14,4 
4l467f5C«00 

.5762*  0.0066   0.66 0 
•1590741*66  .29|72$E*09 
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?       ,6757(>5F»n        ,466«66F«04        .3l?30?€*01        ,54l990F*04 
3        ,?19690F.02        .365?flAE.P4        »111916E.01        .546042E*04 

1.35.6 5125,1 «286,t 12.992 ,847o3 
.49*7372*64 .1«1535E»02 .5193942*04 
.4596692*6* .795952E*6l .524964€*04 
.4ft^7?ftC*84       .4565962*01       .S33445C*0* 

1.4»3? 4977.0 57l*.9 16.9*3 .8225* 
,53*867F»04 *137%0*E*O2 ,5067092*04 
,4*17*92*04        ,1119722*02        ,5l3744f«4 

1.6292 4917.1 6164.2 20.596 »79613 
.9*67632*6*       •|7o502C*02       .4936632*0* 

6     4 ,6*77)        .722*5 
1 ,lQPfl3AF»Al 
2 .AQ42*bF*M 
3 .2?2*l5F»ft2 

5    4 .96*7*       ,78*02 
1 .2M232'*61 
2 ,7ft24i»lf»0l 

8     4     1,;7839        ,847f4 
1 •?«90O6F#f»l 

,1795?7F.00 ,l9313ie»0e       .4669712.05 
•2470292.00 •265744E.00       .8674?3E»09 

•26238     ,3*974    .6918«    0*9000 0.00    5 
.1682772*60 •1354272*66       ,25l7252-65 
•212373F*66 .l7o9l5E«00       .4669712-65 
•3111942*66 «25f4i31*98       .6674732-65 

•21340     .25944     .38937    0.0000        0.09    9 
•1733452*6« .1166502*60       .2517252*09 
,216624C*0V .1*S626E*66       ,4669712*65 

•17337    .21777    .17215    0.8000        0.00    S 
.1721922*00 .t?*065C-81       .25i725£»0» 

8 5 

LAC  10 

9 1 

1.??586  ,9j9f!  1.7746 465?,8 6620,4 22.997  ,76960  .14422 .19799 0.00000  1.3359 {14.39 5 

.«74*»4   ,61484 
1 ,I795?0E«M 
2 .659258F.M 
3 .215488F*<*2 

9    4 ,47|67       .77060 
! .I90689r.ri 
9 .47032*"*M 
3 .2l565?r*r2 

6  4 ,99170   .84139 
1 .I94073F.01 
2 ,6761"4F»M 

9     4     I ,»9760        ••*665 
1 ,?60325F*M 

MACH T6 VO TMCT4-9    TÖ/T66 
VP* 7HCT6-« 7PK 

1.1596 5340,2 4631.3 5.364 ••9258 
•43*292F**4 ,46457?E*0l .53*426E»64 
,4075132*6* .2853382*01 .5425611*04 
,3644f»8e*04       ,1657l3E*01       .5489272*6* 

1.37*2 5092.9 9375,6 13,691 .94171 
,5r2M5F»«4 .10«78©2*02 .5164UE*"4 
,468234F»04 .6673262*01 .5221222*64 
.4133362*6*       .5269442*01        .5368762*04 

1.M97 4933.6 9934,1 17,838 .81939 
,54l743C»*4 .1464572*62 .50?89U«04 
.5421512*04       .l2A560e*02       .5101661*04 

1,67*      4759.8    6329,«    21.663     .78649 
.5627l8r*04       .191915C*02       .4868912*0* 

98/890    09/090    50«/08      CF ISP       IT 
DP6/06 DPK/0P9 8*8 

•36952    .41868    .55662    6.0000        0.99    0 
•1*66002*06       .1569262*60       .2517252-05 
•}74596C*0f       *16993*E*66       .466971E-05 
.236229E*00       .2569821*60        ,867473f-05 

•24863    .29139    .69799    9*9900 0.00    9 
.1666622*00       «1294492*00       •29l725E-05 
•2137312*00       .1640392*90       .46*9712-09 
.3195962*00       •2422212*66       .6674732*09 

•19939    ,24492    .39219    0.0000 0.00    5 
•1743262*66       .! 11*753**60       .2917252*09 
,21T862C*00       .136412C*00       .466»71E*05 

•19694    .26209    .17329    6.9999        0.00    S 
•1732592*00      .9097302*01       •29l729|-o9 

9 9 

16 1 

I* 4 

1* * 

1« 4 

1* 9 

1.9* 10 

11 1 

1."1*5 1.60497 1.7999 46?6,9 6692,9 22*998  .76503  .13642 ,18094 0.00000  1.3957 215.86 5 

«r RE< 

,98145       .62496 
1 ,17fc674F«M 
2 ,4447l7r**l 
1        ,?11771F*^2 

.•7461        .«1893 
1 .1«32'»''F«M 
>       ,445615r**l 
3 ,7>*6*:i9F*42 

1,«i»*55       .»9496 
*       .|«*2*4r.M 
2 , 648844* .f>l 

».M7Ap        ,94467 
1        •1M669***! 

M6CH 76 VQ rHETI.O     70/790 
VP* 7MET*-* TP8 

1.1927    9347,7     4667,» 4.6*9     .66361 
,4332432*6*       .16*999F*61 .4391062*0* 
•*6A236E*4*       ,29»746F*rl .54366*F*0* 
,3637**2*4*       ,996162r*ri .5649532*0* 

1,4643 5661.3 5466.6 l*,321 .63646 
,5|*95*F»"4        .11«4<«6f*r2 .4J3563f*A4 
.47*494r*r>l        .9l4205C*61 .514352^*64 
,42«i7*>--.(,4        .6946l9r.r1        ,626352€*04 

1.*4*. 48*1.9 4945.4 11.678 ,6e63S 
,55/l'6f.A4 .?9*044C*6? ,494694r*64 
,5123422*64       •12*2292*62       .soi»6252*6* 

1.71M 47H.? 6446.4 »2.4?» .77876 
.59594*C*64        •|92409E«62        »464A87E*04 

«.?«14«     1.47699     1,6296     4599.6     6?fr9.2     22.999     ,76622 

« 8f« 

,«^44» ,44249 
I        .!»39*4F*6! 

H6CM ?9 VG        7MEf6.6    79/T66 
V8R THftl.« T96 

1.1467     5394.1     44*9.6       4.277     .66499 
.43l4}7f*6*       .324919€*9t       .5399941*64 

99/6G»    09/009    «OK/09      CF I59       17 
ru>«/Cft 0P6/09C 6P6 

•37365    .42277    .54229    0.9909        0*09    0 
•143946F*00       «1941322*60       .29l725E»09 
•}70745E*00       •1675?9C*60       .4669712*99 
•22?966F*00       .2499?3E*06       .067473C*o9 

•23566    .26196    .76356    0.0200 0.00    9 
,166947f.00 •U3762E*66 .29l725E»09 
•2l*968F»0O .15748}E*66 .4669T1E-09 
.3196412*66       .23*!762*96       .667473E-69 

.1662« ,2364$  ,394: <  A.6660   9.06 9 
.1791962*66 .10*9042*69 .2517252-05 
•219612F*00  .1315082*9*   .4669712*99 

•14779 ,18996  ,17292 9.9990   0*00 9 
•1?2917E*99  .996749C-91   .25|729f*99 

•13279 .174*7 6,66666 1.3993 2|7t6| 9 

€f U9      IT 96/960    09/0*6    906/09 
094/09 096/096 

189 
996 

•3??26    ,426*4     .93199    9.9996 0.60     0 
,1429662*06      •1979662*66       .2917252»69 
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44 

44 

LUC 

49 

45 

45 

44 

45 

45 

45 

45 

♦5 

4b 

44 

44 

44 

1 ♦4T55**r--M 
2 •?452ftSf«oo 

4  4.47111 !*.1M*9 
1   .933216F-A1 

.93M84F*«4   .I7l872f*©2  ".i5o925F»04 
•9nS4)9£*ft4   •18707HE*O2   .416700E*04 

3,?93*  1014.0  0886.?  15.227  ,49846 
,97PAfl«fc>0*   .169873F«02   ,324945F*f4 

.157f43£*0t, 
• !S5387£*0«' 

.513186E-42 
•505646E-62 

.2S1723C-0* 
• 46697U-09 

.00690    .01364    .11963    «.0000        0*09    9 
,ll962Se*00       .430O51E-62       .29|72S£-09 

5    4.0^17*  1*.5R690    3.427?    2*13.3  IMIO.6    15.566    .46148    .00650     .01349 0.00000    1.6326    293.99    5 

in       o 
K fi£< 

3 t.OOOflfl      3.MM4 
1 ,?l8644F*fiö 
2 .mo'ir.M 
3 .4lP(iW*.M 

4 ?.4*R9&     7.46443 
i     .46*2"t<*e-r) 
2 ,?40756***o 
3 .!r$7nr»*i 

4     4.14**5     9.M867 
1       ,4i98l4r.M 
?       ,?4967PF*00 

4     4,75*19   1*.41423 
1        ••556«ffTi 

"*CM TO V6 THET4-8    T6/TG0 
VPK THEU-K TPK 

2.1971     4039.3 7632.«       0.000     .66757 
,73fO7»IF*04     0, .42ll52F*f»4 
,h9*?l8E*04     0, ,434749F*04 
,6253l6E*"4     *. ,452649£«*4 

2,«4»i 3341.8 »966,? 18.455 .55230 
,877*96P*n4 .17?760£*02 ,40209*C*ft4 
,»45355f*n4 ,16»20*f*P2 .»16?00f*0* 
.77l732E**4       .16»»655E»o2       .4}6766E*<?4 

3.1177 3152.1 9566,9 16.649 .5*09* 
,94*4B«Mfl* . I729iftf *n2 ,367S72F**4 
.9l«124T»"4       ,185943E**2       .4t#7O0E*n* 

3.1U- 2998,1 Q918.4 14,9** ,4*544 
•98l?|ie**4       .164383FW       *32f*5*r**4 

P6/P60     06/060     SOK/Oö      CF ISP       IT 
OPK/08 0PK/0P6 HPK 

.03372    .05051     .77935    0.0006 0.00    5 
.169lA6F*O0 .222032E-O1 ,2Sl725f-©5 
•231805E»00 .304243r*ni .466971E-09 
.376377E»0C       .496619E-01       .867473E*0S 

.00*M     *01209    ,73491     0.6006 0.06    5 
•156636E«0t «491956E-Ö2 ,2Jl725E-0* 
.?10123F*00 .6S9947E-02 .466971C-0» 
• 366152E*0C       .115628E-M        .667473E*cS 

•66626    ,01200    .31306    6.0000       *0.00    4 
.1§7702F«00       «49l664E*"2       .2Sl725e-o5 
•155379E*0 0       .484426E-02       .46697IC-oS 

.66669    ,01350    .11950    0.6000        0,00    9 
•tl949#E*00      .419156C-42      .251725E-09 

5    9.**788  1-.6SM49    3.4571     ?847.5  1*153.1    1*^67    ^77?3     .mi3    ,01264 0.60000    1.6374    »94.76    5 

4     2.o5??3     H.r7fl?4 
1 • <»169lftP-M 
2 .?&89ft*F«rn 
3 .1609*7***1 

4     4,??o*7     9,74136 
1       ,4^*7i7r.-j 
?        ,7*4(1*4* «ftf» 

«      ».filMf   « *,?«*49* 
I        .T340Hr.M 

2, «TU     3312.6     9032.2     16.7115     ,**?48 
.8#?134f*M . 17*??*f*r,? .«tfftjr*»* 
.64946»F»46 •|A071«r*o? .•I*?**'»«* 
,77«4l6r««6        ,l673^4F*ft2       ,4'»^«;,«« 

3.1367     3111.9     44f*,5     16,956     ,§1761 
• 9*4'»67P*'* ,l?l ?**,£.r? .)**57*r*«t4 
.9|«5oOF*<>4 .l64ie8F*«<2 ,4I6T6<^«44 

3.1411      7^T„,4      c^9,f      14.6*6      .491^1 
,961*1H1**        .|6l655C**2       ,3'26??§I«4« 

9     9,t>*«a   11.125?*     3.4646     2644.4   10192.*     Ih.vH     .47314 

TG 

,6#*lft    .C1126 ,74456    0.6600        0*00    9 
.I5733if.no .464249E-*?      ,25lT25r»o5 
.21231IE«60 .62l99ir-62       ,46*971 F..0§ 
.3T4937F»*« .109661F-41       ,66T4r3£-oS 

♦8*632     .Pf tO ,31096    0.6000        0*66    9 
.ifö44lF«e« *«*?7e2F-*2       ,|9l72»r«o9 
.153457f.-f .464t*«ff2       .46697U*e9 

.8**36     ,0'lftO .12664     6.6666 0*60    9 
.l20«3«f.-o ,4691Tff*o2      «HIT2SE-69 

.40f#€     .0  226 e.6#«60     l#«6|t    »H.4i    9 

10 • 
M »f.* VPH 

»6/P«^    :r^06a    *o«/6« 
D»«#r« op«/D#6 

CP ISP IT 

3 <«.«i*f)j>f'      itikO?77 
i       ,?l4*>'?r «* * 

1 ,1A}49t«*''l 

4 1,*l7»T      ".?93A4 
] ,4*JJ'M.M 

4     4,1»27)   1".044*1 
» ,449.^ tf , -} 

4      4,4*«»4    M,«^^ 

1 ,^«|AI«*»«i»l 

J^IBP      f0*}«-,9     77M.1 
,7444|«f*fl4     r, 
,#>V«P3r?«A4     '', 
.eii4«i«F«f4     *• 

*.CP'. .♦«^».'•J 

,^f*r*«,r.»»4 
• 4 3f-H06-f •' 4 
.•*«|7J***4 

.0300*     .!•■.♦#    .T9010    9.6660 0.09    9 
,f?0l*4   ***        «20)944f<M>|        ,2*i?25F-05 
,??*4*n.-        . ?/40>6r*»| .466971F-49 
•w'*««^       .«>4999F.#|        ••6T4T)f09 

2.44** 1*45,6 9n*l.f 19.1^> .6*^'*> 
>4(*4i*.ir*f4 .»77*fi4F»r* .3%?«3U«'* 
.4?*?7»C«*4 ,|*l?*ftP.<»?        ,4V4.'*ff. '• 
.T7^*ä7F**4        ,lM)47r.f>7        .41*'     f*   * 

3,i*"*     3116.1     <»*ia.4     14.995     ,515?2 
tQ»Ul lijjr t -* .l*4S^?».r? ,"»*i5?9f.-4 
,9i««i9rV«4       .l4l«*72F*r2       .4!4Tcc*-'» 

3,1'1S      >946.3    * - r £ 6, 14,6«4       .4«7>r 

.9*7PHif*^4       =l54»i"**.e?      .314)»6#M^4 

• 6#*Ti      .P1*52 ,'4??6     #. 
.It>-Vf** .4>4*9«r.«2 
•Pl3»»4f#'- ,48«iv«r.#f 
.36964) 69.-r ,!646l6C««t 

0.66    % 
.ff|T29f-69 
•6469TIf.A9 
«66T473C»®* 

.t*6V«     .01169    ,10191     6.6««f        6.66    9 
:%r*l#,f..,       ,#Mf>t,«f^^      ^9l?29r-69 

.16tP»lffF        .#64479|«f2        .66697|f69 

4»     6     4.«614«   IS,4-714     J,«465     2643,4   1*229.6     13.624      . 

.604*9     ,*J»*|    .i>?6l     **66M        6.40    9 
.1?26*.?C. »W****:»      .#9lTt9f»69 

4*64)6     .6««94     tf>l76  0.66*66     ' .•*«•    266.22    9 
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4A 4 

4* > 

4* 4 

4* 5 

LRf TO 

47 3 

47 % 

47 4 

47 4 

47 5 

47 4 

47 4 

47 4 

47 5 

It to 

4ft 1 

4» 4 

411 4 

3,*»H2    8.51233 
1 .408253F-O1 
2 .??3O*0F.00 
3 .400110F.O0 

4.41641   1«.35939 
1 .*4367*r.*l 
2 .27103*000 

5.000.47  U.»77i0 
1      ,4*38aor-oi 

2.4?o* 3259.2 4113,1 19,243 .S3«*» 
.89*435004 .l7QttT4F*02 .38«9l6F»04 
.856443F«ft4 .17?86*F*02 .*l*7ftOF*04 
• ?ft3AA''F*04       .168978E.02       .416700E»04 

3,l*3i 3U8.1 9624.4 15.1*9 ,81534 
.95?f21E**4 .*64991F»02 .33*7lSr**4 
.923122004       .|79257O02       .Cl*700O04 

3.482* 2920.9 10058.7 14.942 .48275 
.99«47?F*04       .l5*5l0C«o2      .316*56E»04 

•80530     .00983    ,759   .     0,0989        0*00    5 
,1S7987F*00       .403591E-o?       .25l725O05 
.215292F»00       ,549982F*ft2       .466971F-05 
• 396124O00       .9863881-^2       .647473E-05 

•80598    ,01169 
• 146M4F*00 
•142032C*00 

.00571     ,01102 
•!24499E»00 

,28892    0.0909        0.09    5 
•44?717C»II2       ,25l725f-05 
• 428O94O02       «466971F-05 

•12459    0.9999        0.00    5 
•302429E-82      •251725C-05 

5.2*1*5 U.69300     3,5277    2827.3  1*252.1     15.464     «46727    ,96533    .01141  6.96999    1.0519    296*94    5 

n,0*080     3.84696 
1        ,19054*r*00 
7       ,9«79A3r*60 
3       ,35O**2F*0l 

3.i4N66    8.7?61»» 
1       •S32275F.M 
9        .?10?1*OO* 
3       .851523F.OO 

4,«**l7   1«*.63374 
1       .730l*2r.«l 
2.      ,?M0fl?r*00 

5,*73»3  11,53979 
1        .438637F-M 

«•CM TO V6 THCT6*0    TO/TOO 
V9K TMF.T4-H TM 

2.2753    3937.6 7003,4      O.OfO     ,65077 
,754410C»04     0, .41*700004 
.7O7664O04    *, .427*562*04 
,641967C*04     0, «446019O64 

2,943" 3234,0 4140,6 19.437 ,53463 
.89419 0*4 .»619370*2 «3943330*4 
,r6?534r««4 ,l74373r,(i7 «4167Q0C*** 
.?07*6iOo4       .169913O02       .416700004 

3.14*7 31*8,4 9643,6 14,445 .51373 
,95'46'F*84 .1*1761002 .33*1921**4 
.9**7!2O04       .I7*247f»62       .*1*7O0O04 

3.4295 2697.4 1*0*4.9 14,991 ,47606 
.9937*70*4  ,l54174C*f2  .3J48590** 

00/006 00/C06 
OOK/00 

•82690 .04*47 
• 17163CO0O 
•23*374E*00 
•349454O00 

.0649*    ,08924 
.1500*4000 
• 21*210000 
•300517C«00 

•00595    .01151 
•144667F*0A 
.!374*8*«90 

•60542    .01131 
,1257*7004 

SOK/OO 
OPK/006 

.7476* 
•106366C 
.254713E 
• 420747C* 

.76482 
•374422C 
•510945C 
•8372861 

.29153 
•433364E 
.413513* 

.12577 
»300069C 

Cf ISO 
00« 

IT 

4.0009        9,00    5 
.01       ,25l725f-o5 
»M   ,44697tE*05 
.81  ,|67473F-05 

0,6899        0.01    5 
.02      *25172SC*05 
-02      .46697U-95 
»02       •6*7473E»05 

0.6999        0.00    5 
•*2      .251725*. o5 
•02       .446971E-05 

0.9666        6.00    5 
•02      •25J725E-05 

5.334*2  1I.9M75    3.6426    2*14,9  0272,5     lS.1^2     .46520    ,60519    ,011:3 4,96966    1.0551    207.59    6 

4.21*12    6,94326 
1 .492749r.fl 
2 ,197894006 
3 ,6A444?F«A6 

4.4««*6  0,4911* 
1 ,7jo5*50-| 
2 .2*4l^F.*0 

4.14149 11.68013 
1   .4P4949F.fl 

2.Q*3« 3212.1 «160.4 19.546 .53086 
.84T797O04 .l*10J7f-ft? .19?62U*04 
.966398F.04 «l?«424F*0c . i J*TöOr **»4 
,74l4o2-:«04       ,l7rt66HC*02       .4l*T60F»64 

3.18?. 3043.8 O0T1.* 13.943 .51116 
.9505**0*4 *i97ef6F.«2 .3335*6F»*4 
,93*41400*       .17?743F*02       t*l4Ö46f«04 

3.4437 ?#76.4 IM23.6 1*,444 ,47539 
,997Uir*04       .144*430*2       ,31249Of»04 

•98462    «00070 .7*902    0.9999        0*00    5 
,15808900* ,197275002      ,25l7250tf5 
«2166O9F.0* •489961C-02       •466971C-85 
• 394122E.00 .690702002       .067473005 

•66566     ,91147    ,27643    0,6666 8.00    5 
.14244*r*oo      «4244260*2      ,291725E*95 
• I339«VO08       «3992240*2       «466971F-05 

•09517    ,91907    ,12664    6.6999        6.66    4 
.120041086       .3559750*2      .251725095 

4,410414 12,2402    3.4579    29*1.9  1-291,4     14,9*6    .46306    •66502    «61035 6.90000    1*0593    2*4,26    4 

• 7 
• Of* 

*.06*09      4.MOM 

9      .««rurpt.Ao 
3      ,1M5*3»'.M 

*.»*2*2    4,1*155 
t       ,4*?o?lf»M 
2 ,l*tO»ir»O0 
3 .741211'.06 

*.**1»?   U,2?402 
I        , 44744**. M 
f        ,>6694**.00 

••»CM 
VOtr 

'6 tfG TMETä-G     TS/TA6 
T»*c»4-* T6« 

60/900    00/0^9    404/00      CF 150 
OM/9« 081C/096 »0* 

:T 

2,*»27      )964.6     7483.4 
.?*:,<»♦* \ .04    f, 
,7to171F»o*    *, 
.644461004     M 

o.eee   .642*4 
.ctor0or*o4 
.4?3416F*»4 
.**29«50*4 

?.4«14 31i".? «Oil.* 19,719 ,52725 
,401141   »04 ,1««S47«*A2 .31*44ftf»04 
.6T088»»****        «IVT/I/^.M^        .Mo780F*04 
#79«O^0F*o*        .1715217.02       ,4l*?0OF*04 

3,2»»44 3073.5 *fo*.« 13.392 .4*79? 
,9*i??!**04 .t425»50r? .33ie23f*04 
,9l4044O**4       ,i»«|8*r»o2       »40«259F*o4 

•02420     .037*9 .00499    9.9996        9.00    4 
,l72o»8F«06 •16*30*001       ,24|725F-o5 
•2304461*60 «733346C*ol       •66697tr*o9 
•396324F.69 .307699C»0t       •0674737*69 

•6*433     .00*21 .77244    9.0999        0.00    9 
• l579*2r*O0 .3370*20*2       .24l725F-*5 
• 2l?f7«tr.09 «46314FF-02        .4669?lf«09 
#396979r.09 ,666979F«82       ,997473l*99 

,68573    ,01127 .27)72    0.6969        0.00    5 
• 14I940O0O .4l5»7lO02       .2517251-05 
•1317630*66 .40*616F*09        .666971F.09 
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ft* ft 

fti 5 

ft* ft 

ftt 4 

ft» ft 

ft« 5 

fti 9 

ftt 9 

ftt 9 

ftt 9 

ftt 9 

ftt 9 

ftt 9 

It« 63 

«.??«« 12.100*0 
I       ,34075*f-Ol 

3.*T3ft     2069.2  14151.4     1*.03*     ,*7255     «00*97 
• l0f)0ftftC«05       .I5l<jft3£»©2       .3ll20SC«0*       ,1293731 

4.46951  12.521r7    3.6*30    2796,9 lft30l,9    14,*«2     .40225 .0049« 

3.MIS     3170.9    0237.0     19.707     .92*09 .00*00 
.9Aft3*3f*Aft       »l*7it56f»02       ,37*0*Sg*0*       .197*171 
,6736f2f***       ,l7*5**f*02       .*1*70O*»O*       ,210*931 
,79*M3C«0*       •I7?372t*02       ,*»fr700f*0*       ,39*0291 

3.23*2    50*7.0    0757,5    13,091     .5*350 .00590 
,9*523JC*rt*       ,lftttlOC*02       .32H521C***       .1*32*31 
.937692*«0*       ,16*063£*02       .*0*669f»0*       .131020 

3.4504    20*4,* 1M75.1     lft,007     .ft70lT .00092 
,10039tC«A5       .I9lt73f*02       ,309ft92E*00       ,\ZV 

3.*667    2792,9 l030t,0    10,300     .00159 ,00092 

3.5071    2790,3  1*305.9    lft,ld3    .*Oli2 .00**3 

3.5700    2791.11  10399,9    14.«03     ,*6l*0 ,00*90 

3,4719    2790.0  1*311,6    1*,103    ,00129 ,00*99 

3.5723    2700,9  1*312,*     14,1*3     ,ft*tl0 ,0006t 

3,57^3    2709.9 1*312.9    lO.lfrl     ,*6to9 ,00*66 

3.572ft    2799.9  1*312.9    U.l*3     .ftOlO« .00*66 

3  5726     2709,9  1*312,9     l*.lpj     .401*9 ,00066 

3.14*45    9.W3S5 
i     .ftiiliir-M 
2 .17285AF,00 
3 .7l911*0*00 

4,7029ft 11,53156 
1 ,«020*IF-M 
2 ,273229r«ft0 

5.1**46 12.3«073 
1   .19*510*.*1 

«.91973 12,00290 

5,^3792 12,73203 

5,9*037 12,76*05 

5,M*00 12,7*506 

9,59301 12,79ft*9 

«.«4315 12.795^5 

«.54322 12.79530 

9.563fS 12,795*3 

01052 .12437 
•00  ,3*?835C 

0,0009   0.66 9 
»02  .2$l725r*0« 

0107* 0.00006 1,9633 296,96 9 

00779 ,7719ft 
•00  .3185951' 
• 00      ,*3*1*5C* 
• 00      ,0055ftftC< 

01092 .27090 
•00  ,*O0*27C< 
•00  ,3733*31« 

01025 .12399 
•00  .330369C* 

01065 0,00006 

01000 0,00006 

01063 6.00066 

010*0 0.00000 

O10S9 0,00000 

01059 0,00000 

01059 9.00000 

01059 9.00000 

0,0000        0,00    t 
•02       .251725E-0S 
»02       .*00971f-05 
>02      ,667ft73C«6» 

0,0000        0,00    t 
»02       .25l725f-o5 
»02      ,*6097U-04 

6,6666        0,06    9 
»02      .25172H-05 

1,6652 299.22 

1,6662 299,36 

1.6667 299.49 

1.9669 299.06 

1.6670 266.91 

1.6671 299.91 

1.6671 299.91 

1.6671 299.91 
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SUMMARY OUTPUT PROM TO** MOOUt* 

ft/A« 
2«*ft000 

Ifl.OOAQI» 
1* OfOOO 
in ,M09* 
3»,83154 

I«PtTO?P> 
?84.300T4 
»47,33«?* 
?S4.54941 
?Tr.64*Sl 
?8A,6*«»9 
?9*.448*3 
»99,513*6 

CTAtT02P» 
.9*13» 
•«393« 
.941*4 
.93402. 
•9439? 
•99m 
•9St7ft 

•• Tt*€ AVPAAOCD VALUE*»» 

ETAtTO?»)-   .0514-     tSPfT02P>«  I9T.TH L*P-*£e/Lt* 

•• rT4(T02Pl CORRCCTCO PO* THROAT EROSION«   .54778 
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TORRULENT DOUNOAftV LAVEP LOSS NO0UU  «TiU 

I WIST > 
|itm • 
ICTiP • 
1T*T*9 • 
tfFOftf • 
T* « 
P* « 
••w     • 
W»Hf»Tt« 

iNSTtN • 
OftMAft     • 
T«rt*i » 
PNII ■ 
«•si    > 
MIA«       • 
rj ■ 
t » 
SCALE    • 

f 
3 
A 
9 
* 
T 

A 

!? 
13 
II 
1A 
19 

K 

M 
*4 
PS 
** 
27 

»A 
1* 

31 
*A 
?A 
If 
3* 

rWtMOfTO   HELTA   VM.TDA1ION C*SC 
VPLOCITV «wriir POVEP LAM EXPONENT 
PPTNT AT FVFPV fALCULATCO POINT|«t| Oil AT tNPUT iNTfPVALStM} 
Mtl«*?P ftp POINT* I*. A .*$. V .VS. H T40LES 
«tUMnrii or PO?NT« \H CP »VS. T TAOLE 
-HI   TEMP.  OPTION ..  ACIAHAT!CU*tlt CONSTANT % «P |,  TABLE<»1) 
FPrtr  CONDTTTOM  ®»T!nN—CALCUlAT*OI«#t«   INPUT<«QE»ll 
*»rr  St«*#" «TAPXATfON  TCM*C*AlU*t 
rprr STOF»« STAANAI ION PPESSUPE 
«TftftwATlO»' PATIO Of  SPECIFIC M€AT$ 
STAPNATTON PPAMOTL NUN*f« 
«.TAftNATTO« VI*CC«!TV 
r«PfixeNT OF VTSrnsiiv.fcMPfPATUPE LA« 
«M'MOAPY I ATE" INTERACTION EXPONENT 
«MXT«U* STEP MI* 
ivpTAt  VALUE Of MOMCNTUM TMtCKNCSS 
T^TTfAL V*i»*E  0* ENfflGV THtCKNffS 
r,cP*rTPV...  AlIsrMwc TftlC<»l«> • PLANEtaf.t 
A»* CONSTANT 
CPNVEPSION METVEEN THEPMAt. ANO «OP« UNITS 
PPOP0NTlO»*LnT CONSTANT IN EQUATION — F«N/§«A 
CPNTOUP SCALE fACTOP 

T 

At 

•i 

9.9*'»9«AC«tl 
S.*«SHA«E*t* 
t«t7*A*oec*«o 
A«|A«ISOOC*#t 
t.n:A*o#E-AS 
A«T|7S3»AE«t| 

?.tO?AAAlC#t 
l.PAPAAteE-OA 
ue«eöAfieC»A4 
UP00OHC*M 
?.PT?tTA7C«tl 
T.mMtftC**« 
3*2174«»eC*91 
|«7iAMtftI«t| 

•T.lJPmiL-M 
•A,Ai:?339P-"1 
• A.f4V0AT9E*M 
.A.S*?**A9F«»M 
•S»A3Tl7ASF«M 
•4,St]T0?iE*"l 
.f(«AA9P«7E-^l 

•?.93S*#A«-ft 
•9«A|0PW*+1 

«*.3******?-"? 
• ?.f»«A*4'»3r*«,F 
9,1*T22*it'*'2 

P.A^ATflV-'*,-* 

Ul»T*TTSr»<'t 
>,)>|»MT».-' 

».WPP^lf •"' 
t.§**»%!*•.P' 

l«HPTAtr«*i 
•,#»t**i*r»*' 

f.* ■%•*«•*•# 1 

>*  flt^Mi •*! 

i./4At*2»r—1 
itj»T«**?t*#< 

S.P9|TA9tf«P| 
S.S9P34S9C-PI 
S.i9A9Pl*C««t 
4.Afl9AlS#C»4E 
4«4«*230«€»M 
A."9tP469C«M 
3.T3TAAf3C-Al 
3.3t»|P«99€«fi| 
i,*«pTnir«m 
«.puitr»**»! 
2.i22«*99*-*1 
*fr*3?*4%E«*l 
|.A«3**9AE-M 
l,rtfftt4«ME«M 
I.7«I2WIE-M 
I.PVBTPqOE-41 
U«219«SAC-P| 
1,«»**03IE**1 
i.ovTAmt*") 
2.''9»«*S9F-M 
2.-»T*49lF.*| 
?,1)HH4P.M 
*.1»?TA1M|F>M 
?,p»?T?»iF-n 
?,?H?fA7*E-*l 
*.V**A»*«?**| 
?.m**2*<iE**i 
2*4J*4*|P*«»| 
*.4«»iMIC*<>l 
?,V**i «»!**»<* I 
».«V|4A*?E*Pt 

9tT4pS-|»4#.*t 
?.»'»P^PA9«^1 
F.P>>n*A4f*«| 
?.«I14«»T»-4| 

N*CN NUPtCfl 
S.*??2J»*AE«*t 
A.t4**SA«E»«? 
7.t2«fA0H»PX 
A.20»3UiE-0? 
t.S*:>3M0f«At 

|.3SS)TSM»«t 
l.Af9240te-«| 
2,Qp«?oe«E«et 
t.Ti4j*e««fi 
3.7»3?A0OE-#1 
»,0A2A««ttE*91 
A.TAetOOAt««} 
O.5AAAtA9f-0| 
i.o4Sf*eofo» 
l.3T4T«t9»*0" 
|.44«SAf«E*99 
1.»1P2TMI*0O 
2.»At400N*P9 
i.A4Aireer*PA 
t.r^TMoor*«« 

J.?7%A4ACr»«t 
1,7«A«?AAf»A9 
|.»*SA40H*AO 
*.ti%f|7AAr«AA 
1.0 74A3t««*eP 
i.OBe^noE«»« 
|.9/SAt|tE»Af 
1.9«A!T|tr*M 
U«T4S9«AF*M 
t.-«APAf«tE«it 

p.f4Ts2§eE»ti 
>.9'»9Mf*M 
2.««7)»tPE*A9 
2.U2tT|ff*M 
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II» 
34 
4»» 
41 
42 
43 
44 
44 
4* 
4? 
49 
4« 
9* 
9i 

w 
94 
99 
9« 
97 
44 
9« 
91» 
91 
99 
49 
94 
99 
99 
97 
9« 
49 
7ft 
?i 
Tf 
73 
▼4 n 
TT 
79 
79 
9> 
•1 
4ft 
•9 

9? 
99 

3.4241794F-91 
?,4*4T4olf-n1 
3,91ft4ft23F«*l 
3A9MA*ft*r*M 
*.12ftftA24F**l 
%,2ftM*?7r-M 
4.721M79F-*1 
9.1*15134F-#1 
9*7ffM4*F»<1) 
0.2*71 yOF«*l 
4,444*.ft?4F*«l 
T,4ft974ft2t*M 
7,912**19C-M 
»•*494*P9fM 
• #7*4*M3f.ftl 
9.1444144IT*«! 
9,444M72f>M 
1 •9499*J9t«M 
1.99l»294F*ftft 
1. 941394 TF. •** 
I.131W4C*** 
UlTf>*fTr»99 
1.2134414F*** 
1,1941«19F*** 
1.2977M4F»** 
1.3*124*7C*40 
1, Jl»4470*ft>** 
1,49ftft7*2€*ftft 
1.474ft4ft*f**4 
1,423**24F*ft* 
1.444*124t**ft 
U4l?*94fr»*»* 
1t994ft*44C*4ft 
1.7*39471f*** 
1.7494797t>«»ft 
1,794«4ft9r»** 
1.44l?7W*9* 
tt9*9*ft*4F*** 
1 .937M*9f»* ft 
I,9«991I9F*4» 
2.03«*4*l€*** 
»•MM»*??*»» 
7.l3*****C*0ft 

9.23*M77r«*A 

7.f7*3*4**^* 
ft.279***3*fc*« 
*«|4|***jr»M 
ft,2*** ****•<** 
2,2*3*''*$ ***** 
f.|4|943*F**- 

9,2*l*7l4f*** 

2.97t*A29C.*l 
3,*3ft*l77C«ftl 
3.0V29*79C*M 
3,1»*9A94C*M 
3.2«!*2414f..*l 
3.299l249€«*t 
3.*»24197C«M 
?,*0*4*37C**1 
>.9ft2?999€«*l 
4.l2ftl?9tE-*t 
4,3»24*99C.4| 
4,«99A9l9f.*| 
4,7*ft**49C-*t 
t#9993*99€.*t 
9.23«7%43C-*1 
9.4994999C»«! 
9,7394*74***1 
9,94134 T4C-M 
0,lOft4?99C*M 
*#?S71470E-*1 
9«39f3i»ne-4i 
4.9221724C»*l 
h.*494*m»»l 
4.»449fl97C**l 
0,9997*02£.*l 
7 104*494«-M 
'. ,f4t2799C-*«l 
7.4314924C**1 
7.4943377|**1 
7.794477IC-M 
7,9094794C*4l 
s."*>*?*5e**i 
*,1012124C**1 
• •l|4979lE»f>l 
»,**A?494£«**| 
9*4774M9F«9t 
ft.7B33744C«*l 
fc,ft37279*e**l 
0,4?94f79€*ftt 
«,19*4449€>M 
V.?*7*14"£-*t 
0.>«9f«99C*4| 
9 41«4*73C**I 
9,*»4?499C«*| 

ft,*«*»«*««*** t 
•.*•??! 4&e*M 
0,ft4*4»»*C**l 
9»<*0»*199€*ft| 
«»•i«3**7f-»l 
<i,*i**A*4e*fti 
•.4i*»»99f*fti 
4.ftlr»*30C«*l 

2.14909991*99 
2.l7577«or*0| 
2.203l999E*99 
2,2314499F*99 
2,2*97409C*99 
2.2*19949f*09 
2.34793O0€>00 
2,442U09C*99 
2.9491200**40 
2,4044l49f*99 
2,433929H*99 
2.79394t9€»99 
2.9*42400**00 
2,99277004*99 
3.09999994*99 
3.119020Of*O0 
3.09921004*00 
3.09231004*09 
2.994l»l994*99 
2,9ft947O0F*00 
2.94497994*94 
3,03433004*04 
3,09977991*99 
3,14344404*00 
3.10913992*99 
3.22343004*00 
3,49034001*04 
3.2*313004*00 
3,30291994*99 
3.31919004*00 
3,31043004*00 
3.3|41999C»99 
3.3339I00C*04 
3.3432499r*€9 
3.39944991*99 
3,37499004*09 
?.39900094*00 
3,42733401*00 
3.447*4001*00 
3,%44*900r>00 
3,4fl949e0C*49 
3.42771004*09 
3.»4299t9f*49 
3,997420CC*0O 
3,94304OOC*«O 
3.9*97700?«00 
3.9474%90f>O0 
3.9700400e»0O 
3.97t9*|0C«99 
l.!>722ftO0f*0O 
3.47231499*99 
3.47?l»O4f*09 
3a4'2i4«4C*49 

COVoU» ft***rtTlf4 

• •71947C»*»' 

rte» *fte*f9t!t9 «feHttftftV L»*f4 *C47 TM*9#C4 l*T.0*4t.  1*744441.4 COjfFHClt»»*! 

I • 

v • 
0*/9t 

?F  • 
**ft»lff**r   ▼«  • 

•#ft7««lC**ft   '4W   « 
tf"/Ot 
t»f • 
•4 • 

.4****>***t »»fiTi 
#%4*9«r*»» rsf^vn 
•*.44r?i»** nri7» 
9%***H**>   f*^14 
• 199999, *4# •-!  • 
• 2«9|K*«t ♦* • 
•*479M»*«* 

.192471.42 «4 •        ft. 
•14247F««2 9»  • ft. 
•12*471*43 9U*ft • ft. 
•l*ft9*(-93 »9»Cl • •• 
• Iftftftftf*«! :4T#r • a, 
•12447C*91 

Iff* • .I9994€*4I C*  • .t3K9f*4i 
U     • ,13t97C*4l t* • 9» 
12    • «12449C«99 4f7M • *4»ft43C*92 
S3    • 9«                    a(iC * 4* 
IH m .i3997f*f|  9fft*t • ,»^»H«*J 
13» • 4,                   4t0* * .992*P€*92 

C0»i7ftU9 »%i*f«T lt%        Fl,f«* Mftftfft» If« ft9W»l04W  UICI •<»1  T«4fti99l4 t«lff««9t   Ill7l994i9 COfFFICtf«Tt 
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X • ..*Ai33t»AA * • 
It • .A33T4C-A1   TE   • 
V  • »A*A94£*Af   T*.   • 
DT/Ol  •  «.674S|E*A*   ***   • 

Pf   - 

,*?**4t-ftt »ELTA 
•%945SE+n4 PfLT» 
,«9».TlE«A4 writ« 
.^9*TtE*1* inrfA 

»?*3*V£*A3 M • 
.«S*72«C»90 

• 33T33E-M HO • 
•OltA0£-t3 OH » 
•4fl09£«.«3 SUNO ■ 
.3f7t?E-*3 rO»C€ 
.T3«W>*E*44 t*T.F 
•ttOOOE*tl* 

0« 
•• 
o. is 
•tl44t€«00 10 

A» IT 
lit 

*t»A •      »AfOOSf«00 C* • 
14    ,        .T3AS1C-A* C* • 

•AS*tit*0| «t?«l 
•msicti «XL 
•«onrtti RIM 
,i3ooa*ti oto* 

•OtOttf-Of 

*ifOTO€*tl 
•»3*0**0* 
•3A334t»4t 
**fOTA€»0l 

COMTOU» »9*P€»ms      ft«»» ppAPr«Tit$       «OUN04RY ute» HEAT T*AMSFC*       IHTIAHAL IHTIOOAU       cotrrictwo 

A • • #*>A79F*A* M • iTtnu*ei 
XL • .»?**SE*0f  Tf   « .*«ft*ME*ft4 
y a ,«t9t«£*$P  T*  * • MAOOf»»» 
0*/©i » *.AT4*l€*Äf.   T**  * .«5966*»E*©4 

CH/0S  ■     •I'ftTiE'O* 
»»£  « •1«»flT9€»93 
PE ■ .«0090C«f« 

COHTGU» »»wmES      »too PROPERTIES 

HELTA « ,43*4A£-«2 HO • 
DEtTB • .T»»*7f-C3 0« • 
♦»ELT« • .94fT?C.*3 SUHO • 
THE7A ■ .4?T?)£-*3 *0»€t « 
»HI • *S3»30CtA L*T.r « 
H * .ttOOOO«t 

A.        ZCTA m 
A* U  • 
A* If • 
»*120t€*0t *• • 

A. IT • 
II» • 

•4*om-*t CH • 
.tAAlOf«Of OtTH * 
•1§»!t*9! «*XL • 

• iSOOftCf 1 •€«♦ • 

«OUHOARY uvco HCAt TRAMfFC» iNT€«**l IHTC0MAL9    COCffICIfHTf 

XL • «1'*12f»Af  Tf  • 
V  0 «♦•«AAE««*'   **  * 
0Y/OX » ••*T*ME*f?* T4* * 

«♦£  ■ 
PE • 

.«t?A04E*«t OCLTA • 
,«)3**0i**4 fttLTR « 
• •»9AA7E 04 BELT* • 
•S9AA7E*A* T**rtA • 
,?319*€*0» »HI « 
•3fcA4%£**3 H « 
.5**39C*t§ 

•A79»3C*»t2 HO •        ••                     2CTA • «T|fHC*00 Cf • •OfAfA€«Ot 
♦«?*37£-*3 <J« •        A.                     14    • .Mim»*t CM • 0* 
•99099f*t3 S««0 •    A*                     II    • • I•1701*01 MfTM • ,11010t*0S 
,44S8?£.Q3 rOflCC •    •A3iA9E*«t 10    • *iOtlt€*Al «fXL • •ttttAf«00 
• 373At€^«4 L*7.» «A«                     IT    • ♦114*Tt»tO «*»" • »t9*00€>0t 
• U*Tlt««l                                         II» • .13O03C*«! •€©• • •AotTO€«fl 

COHTOU» MH%»rtT!ES HOW   P»9PE»TIE* POUNftAftV  LATER HCAT TRAWEA WHOftAl lNTtOftALt COOTttltWtt 

X   m ••9»^7IE*«A »•  • 
XL ■ .*A*4«|*r» 7f • 
¥  u •*44%K*^A T»*   • 
07/01  • «»*?4*iC*A* 7*N   • 

l.f » 
•E • 

.-4C6?*E-01   »>€LTA 

.S«*?7f»i»4  PELT» 
• S«AA4E»<*4   t»€LT« 
.*9*04t'*At  T^TA 
• ?*3*1f**#» »«T  • 
,«A3A1E*03 H • 
.^»05*t*«0 

#40171€-Pf M6 •        A* ZfTA • .40914t*A| 
•3T70IC-A3 0» «A, 14    • •f«OOA€*At 
tAAf04E«A3 SV»0 «A, IS    • »UtOAi*01 
,AA»S9C-»J FORCC >    «OO0f4C«0A 14    • .«11«*«} 
.»n2*C»«4 LAT»r • P. IT    • •ltOlTf#H 
• ItATAC*«! U» • .13001CMI 

cr •      •oioo8c«ot 
CH • 0« 
OCTH •      .3U30C4A9 
OCXL •      •tOlOfCAOO 
»f»H •      ,1AtOACAOt 
OfO* •      •47AAAC»#1 

COfcTOU» #A0»foT15A        f^M PaO«»E»TlE5 AnuHOAftV LAYEX HCAT TAAMSrCA INTUNAL INTC0»4LI COtWKltttft 

I  • •#4«tttE*'^ M  * 
Xu  • .^lAiiTE*«^ TE   « 
f  ■ .«««1AC*4«> TM   ■ 
07/Oi *  ••*74«if>*ft 7A«   * 

•1   • 
Pf   • 

.!l?»?f*AA  PElT« 
^9«.AA|«A*  ffLT» 

• ■>79%»*|.|»«»  »HI   » 
»*TA9|E*A3  H  • 
.«64J4CV«* 

,*AtAU-Cf HO •        0,                     IfTA t •4A30H*tO 
%?A191€-A3 0«  •         A«                        t*     • .lAHAE-Ot 
.1T1#J|.A3   5«H0 »A.                         10     • •l|OHC*Ot 
.44AA6E*93 ro«€f ■    tll»|T€-A!  10    • •4T|fK*«f 
• lAA%At«f4 läUf  «A*                     IT    • •ItAtH^OO 
• UM3E**t                                            I}» • «130T0C.A1 

c • •totooc «Of 
CH » 0* 
»f TH • •onootAos 
OfxL • .tOfO»€400 
Af»M • «ti03H«0f 
«fO« • •04ttH*OS 

CO*lT$V»   Mf^PfAMI? ■*.*#   P^'^fATfCI »ou^4i f LAtr« HEAT TRAHtAC« INTfMHAL   tMTCOOALS 

t^ «        ft«««r%E*A* 

07/Ot   •  •#A»4«t!#AP 

COHTAV» ******* it % 

X   • •t*A4|*C*P' 
XL   • •A4»4tl*^" 
f   # ft«0*711«^ 
DV/Oi • •.*7•«^£•',<, 

** • . nvi*E *«* o?» TA 

im * « **■%•**•** f»T« T« 
•A»   • ,^*!»U.i*4   T**?TA 
|-*i/f2« •      t**434f*f*s   **■!    • 
i«f   * ,<'|TftE«AS  H  • 
•f   a ,%A«*AC*4: 

.AM'.AF'At HO   • A* IfT'.   ■ 
»tTAA^&.ol 0»   9 f 14      • 
^HPfi-,'*! $y»<Q «A» it    • 
,4H«W-P» FORCE   *     .|07m*A|   14     • 
• ;*V*A*>»4 L*T«r   «At IT     • 
tltf«A4C*«i U» • 

•A)MH*00 t? • 

.«*•▼:•»! Of tu 
• 3»4?"EMt OlXL 
•ttiTtf'fO OA»H 
, 13073ft| »SO« 

cocrfKitMft 

•    #0T0OAC*Ot 

•AOA0ff4Aj 
•A«000€«AO 
•lt«OT€«At 
•OOOOACAAl 

rL1-   A»- <r»1|fO ■OjHOAMT   L4Vf« «CAT  7AAMffC0 

t«   • ,^^Ei\  PFl T#  • 
?.   ■ ♦* (K*>r«f* p»t t« • 
•*.    , «>»>* »f*   TMf fA   * 
*,    » •     , <.«* 1!# •«*  AHf   • 

i *    • a * ***£*AS  •«   • 

• 14?%lE-4t   •«»  » t« 
• UIRAE*43 0« • •• 
#AT97Af*f>3  *U«ft  %     A* 
•tTttTC*43  '04tE  •    •lAA4ff*0i 
•A»tt«f*f% t-'T.i   • A« 
•t*tt|€*tl 

IHtCtMAI. iMffOAALt COftffClfHtf 

ftTA • .AA3foc»eo cr • »oitotfot 
14 • •ttlf4l*ty CM • 0« 
15 ■ «ItOOSC-tl HTM • •OAOÜfAOl 
20 . •3t003t*tff HAL • •OOOTOfAOO 
IT • .tüTtf*O0 OEM • «OOOOOfAOl 
It» • •«3004t«At •«©• • ««AOfK^OS 
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•E • •99940C«09 

COMTOUft ftftnPEOWS   FLOW »*OPt*\tr% «OUMOA07 UiV{K MEAT TRANSFE* INTERNAL lN7fOOALS 

B •     «.?43*ftf♦*(» M m 
AL •  *****H**t> Tr ■ 
T •   «wire«»* T* • 
Of/Ol • ••*749fC»flf 7Arf ■ 

OM/Qi 
Of • 
H » 

•?P»**C*0d OftTA •    »334ME.A?. '*9 a        f. 
•9«449E*ftt DEL TO 
•5**2?E*A4 OCLT* 
,*«*Z2F«fl4 TMfT* 
• 1ftft4H«ftl »Mf ■ 
•fc7O9iC«03 M • 
•994c-9E*09 

•«ft*4*e»»4 o» •     o* 
• 4l«ft<Mr*03 SUMO •    0. 
•3243*E-*3 FORCE •    tttim«*t 
•97|?3C««9 LAT.F • t, 
,1?04tE«0l 

COMTMJO »*OOC*TIES     now MOHOTICS P0UHOARV LAVEA HEAT TRANSFE» 

I • -,OAiftK**ft M • 
«L • .ft»»* ••* Tf • 
y  • ••A74K«AA   TW * 
DV/Ol   •  -•'tT|Tlt*8f   T4V  « 

IW0M 

.?T|43€*0«» DCLTA 
•90*09E*1* nttto 
,9«9tK«04 OClT« 
,909S5E»-4 THTTA 
*l51fAE*01   AN!   • 
•1l4t3E«04 I* • 
,54494**09 

,?0?S»E-Ot Mi • •• 
•373I3E-A4 OH • ft, 
,3S*4«*E*e9 SUMO •    •• 
,?T««9e-n roncE •   *n*m**\ 
,1«*•*£.OS LA7.F a ft, 
,i3O*SE*0t 

CONTM* •AftAfOTlES        nw •»OPfAMEf »OUNOAAV LAVE« MEAT  TKiMSTE« 

1  • ••f**4ft€*ft"  N • 
*L • .*13*ef♦«*  TE • 
7 a .*3»*H*ftft T* a 
OY/01  a •,MA»3E*flft  tAW  a 

DM/OX 
t*  • 
»e • 

OT»37E*«ft OELTA a    ,?3i?i?-«f NO a 
•90049C**4 nElT» 
•9MCTE*A4 ftft?» 
•9*90Tg**4  TWT1A 
• ??*4*C*<U  »MI  a 
• 19U*€*A4 M a 
,9*4t4C*<S 

ft» 
•1S73?E*04 0« •        6. 
•?«*ft?l-«3 SUMO a    ft, 
,?*304f.C>3 FO»CE a    ,4901H*01 
•9ftA4«E*eA L*T.r a ft, 
•11139f*01 

COMTftU» »OftPf ftTIES        Ft«« aaOHOTftS »00*0407  LAYCt «CAT TAANSFE* 

A a •#tiftftftE»eft M a ,N003OE*0* MLTA a    ••0i«7E-f{ MO a 
II a •4*?«AE«4*  TE a 
* a •*ft<17t*0ft 7a a 
07/0* • -,A1»i7C«0ft 7AW a 

OH/0« 
«  • 
■f a 

•SOStOE*** "Et TO a 
••,09*9*«** 0*LTft a 
,9t309f»A4 7MT7A a 
•I*I»;t« -1  "Mf a 
*>1«*1TE<>04 M a 
,aMt4C««9 

,ft7«,?H.«S 0*  • ft, 
• 0O2fc.>-n3 SUMO a    ft, 
•l«*S*l-93 FOaCE a    ,7ft)7?C*M 
,4)4?^.** LAf,r »-• t, 
•nine.oi 

COAST«*» Pt«*t»7!E9        FLOW ft«0#€«TtES «00*10407 t_*>r- MfAT   VftA»$Flft 

I a •♦•74»SE-M  * a 
It   • •»470*1 *a#  Tf  a 
7 a ,tA*«9C*«">  Ta a 
07/01  a ••*4|*e£*0* TAa a 

n«/Oi 
if a 
•f a 

«OTAOHtft «FLTA a    •Ifftfvf.ftt N0 a 
,571?4f**4  ftfl70 
.M|44f#*4 rfLTa • 
•90144».***  7»*7A a 
*33t%9f*M  •**» a 
,»774lE*«a  » a 
,4SO0OC*^ 

.^•ni-« 0» a       *. 
#?$Q)*r.A3 SUMO a    «, 
,lAü5iF.ftl rOKl a    ,90ftaK*tl 
,???3?|.^« LAI*' a «, 
• 1»190E*M 

COwTOU» »»«»fiTKS        7LCM a»Oftt«f!et 

I m ■••.'ft097t*a|  a a ,a%a44r*^^ 
it a ta*l»4|*ftr  Tf  a ,9*ftfK*** 
7 a ,i7aaoC**ft fa a #«fA?ar«»4 
07/0t a •••7779E*"!  vAa • ,*ft*fnf.^% 

f>M/Ol a    ,77Mar*ft1 
t«f a ,3M3«C**4 
af a ,ST400l*M 

COAitOU» Mf»C»m*        HOa MOOfATtCf 

•OUMOftKV  LAVfA a***  7ftAM9«Cli 

coErriciEMrs 

IETA a ,9720ZE«A0 C« a .S349?CC2 
SA    a ,70?3*E«I3 CM a e* 
19    a .im§C-Ol  «C7M a ,%$3t?E*03 
10    a «lAtOH^O» OCIL » ,0O4S0E*A0 
IT    ■ •1|34?E«A0 •«•« » *a33«tC*01 
tl(* a ,13040t*«| «to* • ,?|S«tE«*3 

IN.ElMlftL  1MTE0MALS cocrneiENTs 

IE7A a ,93fOOE*Af C* a .S?5»Tf-C2 
IA    a ,4*?04C«f3 CM a ft. 
19    • ,|31t9E*4I HTM a ,00f7SE*4l 
10    a ,*07i»C*@3 «ClL a ,i?*fttE*07 
IT    a ,|tS«K*AO «COM a ,42*97E*'l 
110 • ,190IH*0I «CO« a •770«0E,eS 

IHT80MAL   lOTEOAALf cocrrtciENTs 

IE74 a  ,9«H0E*A« tf  a 
14 * ,?709!E«93 CM a 
19 • ,:399lE*tl HTM . 
10 a ,994t4€**3 OfiL • 
IT a ,1?41«€*00 H**  ■ 
II* a ,13*94C*01 HO« • 

•9aS2«E*«| 
I, 
•0M3!E*fi3 
,I«*1*€**>7 
•143TSE*ftl 
,0909tE*A9 

IMiOMftt IN7C00ALS cof'ricic^n 

IE7A •      •OOOlftf«90 Cr a 
1* 
I« 
14 
17 
lift 

• I00OU-A1 CM a 
• ll01H*ftt H7M a 
,»743K-»3 ftitL • 
,U4|9E*ft« H»M • 
• lS03K*ei HO« « 

,4i1öII-6* 
0« 
•134f7t,&9 
,I$0«7f,ft7 
• Ultlf*«! 
,4ftS33E«aI 

IMTEAMOL   lMTC9tAL9 COCMieU^'S 

ZETA  ft 
14 a 
19 a 
10 a 
17 » 
lift a 

•4SS9H*«0 C* • 
•«3iett«»A CM a 
• l)007C.ti  H7M a 
• 19t00l*A3 Hik • 
,|flOft€*«0 HPM a 
,||44|C*ftI   HO* • 

,49?Air-4» 
t, 

tA3^^Sfai:t 
,14«>i £*J! 
• J*TJ«f*5>4 

IMVC0M44   IM7C0AAL9 C0tf»lCll^4 

nELT4 a .?fti*u-ft* «0 • 
OEtTfc  a «7ftftftM.es Oa  a 
r»LT* a ,ftr*}ar,ei v-**0 • 
IMT7A a .iei**f.Al roftff i 
•**!  « ,13ft?Sf-Aft tAt,l   « 
M « ,i4iiof*ei 

4, IE*A • 
ft, 14    a 
ft, IS    a 
•l)*9*C*0t 10    a 

ft, IT    a 
II» a 

•*ft*4H**e c* • 
•9OJ09C*O4 CM • 
• 199t?E*^t »C7» • 
•»0tT9E*ftft Htk • 
• Ul)lf*«0 HOM a 
•1119H*«! HO« • 

,*l*m*et 
f, 
,ft71ftf,ft| 
,4Aft|flC*0T 

,)3tl*f*Aft 

«0UM04A7  LftTfO HAT TOftMsrc" |M7(AftJftk   IMTCOAOki 

A a *m7tt*M a • 
Ai  • .**39K*0* U  a 

• 1»*90C*«1  0CL7A a    ,tUi;f.«f ««a        ft, 
,94f04C*Aft ©€* 7n a     ,»ft*;ftftf.ftS Ojft) a        ft. 

«7» 
14 

,}0300C*t« CO 
•HTOH*Oft CM 

cocrrtcic^s 

,ftUO*E»€l 
ft. 
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,fi?M€*ti 

«tie« ru»mpf*.tts       ******* LM^      ^wiW       Wfm 

•«1««M«** 
t» « 

.%K-33€*** MU» •    «ÜHi*!! 5!LI 

rvo-«C««t,f.      mmmu**        «»?«■•»■     =-'J^ 

•I   9 

tr • 

f A.   • 
rmtto 
t«€ • 

9l.*ftf« Hit* •    •«fl2^ ml 

•ttfffl*!! 

•»*tf9Tt*S        W PPCPfltfe* 

,t?mt*ft* 

*f ■ 

isf   * 

ce*fW »**f«Tlf«      PL« fpomriu        ■*•*■•» uW 

im&t t ML i •  .?m*Mt 
nsmi« LAW       «tu matr*      iwttt** 

U*?u.** MM« • -WISES IJLI . V S • 

.n**M«tt 

•Ittft€«#4 

•nmt-ft 

«t.T tMMSfi»      i*?tMat met**»      *Mrrwtf*ft 

* • 
*L • 
* • 

•» * 
If « 
T»   « 
«ft*    8 

If • 

«utttc*«« 
• lU?fC*tt 

tf • it|tllt4t 

Sit« •     «ItMMtwH 
tfli •      .«HMC^t 

^f*HI* MMtMICt        »WIM. MPTMIU «**•**    ™* 
«It «««um» imt«Mtt. IMCWit (WNH«fi 

■i ■ 
* • 

« , ,>=» #?r*«i »it*f* * 
.'•t*tt»*9 e» ■      •• {!   * 

c|ftm*9t 

.tit/Km 
,it*«tt>#t 

Cf • «BHili-tt 
en «      •• 

e»if*» n-ftiM     «•• »^'-•'«w       •°^**f uv 
m#r f»iwc*      t*0fiNü tiiitt^*      ewrtcifiift 

i • 

* • 
tf  9 ,-   i*t «• M»f" • 
!*   • ."■*»»•**♦* HT1 T* * 
t§»  » *     MM. •** T»*f# • 

* « ,fr*«#tl**♦ * • :ll£x*«i ML I •   .IHMfH 

tU?fff««| 

•l|MM*tt 
•|l«*lt««t 

en • 
Mf* • 
MIL • 
M#« • 
*»• • 

«IftlH^M 

:-.^. ; i;     .,    ..^ . .  ... 
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Y • •%4M*f*4A T«  a •*?303E»A4 «FIT» • ,U»*i£-ftl simo •   A. li    a «1ft»OZE*01 AETH a *lS300f*OA 
ov/o* ■ •**<tft3f»4f Till • •*?3*U«»* TM*TA ■ • 313*U*M FW»C£  •    ttT3A*f«A3 IA    a «|ft?Off*0S AEli. > • ISSAACMT 

ftM/Ol  • •?1tSaf*00 PHt • • 4ti3U-«T LATtf • C. P    a •1A«A3E*AA OEAM a •24102E*01 
1*   ■ •1**OtC»A* M ■ •3ifkSS€*01 tl» • •A0illE»0t AEO* • »ftOSOAf*0A 
»f • •3OAT»E*A3 r»ti r « .Ttl#AC*t2 OCL I a    .UOlAE^Ot 

COttTOU» Mf^MIft rim MOHUit its       »OUMOIOV unn        MEAT TOAMSFE» lHTE»MAi tNTfOAAlS          C0EFF1C1ENIS 

1 • •m*tc**i M   B • »•Ml*Al OftTA • •AAatte»*! HO •        A« UTA a •FA20TC*tA CF a •2T3A3f»0f 
*t • .3»131I*M tr » .?'•**£♦A4 OFtTO a •30M»f»A9 0« •        A* IA    a •lATt3C«AS CH a 0« 
T ■ ••T«A3E**ft T«  • •SfJStfvft* Mil*  9 • U1AAC-A1  SUKO a    ft. la    a •IAI03€*A1 AETM a • lSmt'AA 
ov/os » •>U33C*ftft TA*  ■ «*»3i!f*ft4  TMFTA a •aiAAlf-At FOOCC •    •l?9tAA*A3 li    a ,1300ft«A* OfIt • •lSA3*f»«T 

0»/Ot • •I*VS*C*AA »«I ■ •A0IIA4C»A7 tATtf * A* IT    a ,1A300E*AA AC»*« • •f3TMf»AS 
«If   • • 1ftf¥O««>0O M • •3A!3ft*A1 11» a •AOJOTEHIt OEO* • •SOftOTf»AA 
»r • •I«»:««*«) MIM •M»m«l! OCU I •    *UA?$C>A1 

COMTOU» »»n»fofirs Ftft* MO»f»TtC$          «OVMfURT tAVfO             Hf AT TOAMfFfO INTCOMAt tMTEOOALS         COfFfIClElTS 

x » •FMOOC*M t* a .31♦•?€♦«»  OCITA • •AtAAlf*At Hi •        «• UTA a •!atOOf*AA CF a •fT2Stf*Af 
*t • • *»*OH»M tr • .»T013?*ft* flftT» • •3iA«Af*At 0« a        ft. IA    a • !«OtH*AS CM • A« 
V • .♦*ilftE*ft« TM  • •St34fC*«* »ftt* • • I»?Vt-f 1   SUMO •     A« If    a •IftlOAColl  »ET« a • mSAftftA 
OV/O« • •>%3tiC*tr TA» a *S?**ff»A4 TMTTA i •3tl33f*At fOOCC a    •ITTA$C«03 10    a ,t309Sf*ftS «fit • •|SAAlf«0T 

fW/0«  • -«»AOOlf.ftl »*«t  • •AAAA%C*AT J.AT.F a ft. IT    • • t03O|C*ft0 OEftM a «f34lTf.fl 
»♦t ■ •mm*«» N • • 39HVf*At lift • «AOtOOC*A| lEO* • «SO)Aftf«OA 
■f ■ •3TOiVf**3 Oft F  • ••!AATf*01 OCt I •    ♦♦Tf4H.fl 

COftjfOUO »OflAfOTl'S FlO* MOHOTtlf          «OtMOftftV LAVfft             mAT TftANSFE» tMCONAl !*TCO«Ht          COEFFICIENTS 

I * tffVHt^t * • .3fOTAl«*t  fttlTA • •AfAAAf-Al  Mi ■         »• »ETA a •fAlAOE*«A CF • •fTf4tf*ftt 
«t ■ «*»o*tt*M Tf a .mm«A* W TO • •3iAiK*At 0» •        A* IA     a •IAii3E*AS CM a 0* 
V • ••••>?••*• t» ■ .9»3*ff«*4 Of IT» • • Itmi-ftt SUM« a    «, IS    a •U100E»A|  AETM • •lSSTftf««A 
OV/OI • •?*lUC*ir IA*  a •Sft34«f«<l4 TNT »A • •3t|AAf.ft| FOAtf a    «ITTAH*F3 10    a •I3TT1C-AS Af»t • •l§TSOE*ftT 

DM/OI • .fTlTti»0* »MI • •AOSfftf*AT WAT.f a ft. IT    • •t«3t«E«A0 AE»M a •23if«E*Ai 
l«f • • 1 ***!€••« N • •30|OAf*ll 11» • •A03IOf»Af m* • ,SA4TTf*ftA 
•c • •37O0fff*«3 Oft 9 a .•»|tM»«t HI I a    .l?tS9€*Al 

CONVOO» oooofATtrs Ft«*» »*o»€*TtCS        »OUMOAOV tAVf»          MCAT TAAMSTEA t*TE»*At  iNTEOOAtS          COEFFlCir«lTS 

I • .»nTf»M m a .3STAAE«Al OftTA a .♦S?«3t-«1  HO a        s. IITA a •taiAAE*»0 CF  • •fTffOfFt 
«t.» ,3?SFA€**t n • t»T0ftff444 MlT» ■ •3AAttC*A0 OK •        ft. IA     a •t9i«lfi«AS CM a ft 
V  ■ •M*Aftt«A» TM a •*>33H>*4 OClf« ■ •1I33AI-AI  fUNO ■    ft. IS    a «IftlAtf**! HTM a •l*STif««A 
OV/OI • ♦fO|3Tf*ft* TAa  * .*?33*f*«4 TMTTi ■ tSitvif.ftt rooee *   ,pmr*fts IA    a • U70E-AS IE It • ,iS?fAE«#f 

n*»/Oi  a ,kH|ff*n* »Mf a •AOaAtf*ftV tAT.F a A, t?    a •tPl«tE«AA AE»M • •i3««'C-0. 
>«€ • • l»HTC*A« »• • •3fmf*Ai 11* a ,AA|A«f*Af «to« a •»«S3H*AA 
•f • •9VTHC »<13 Of I r • •0f3|0E*A2 OEL I •    .1 Mitt Ml 

eoNTot» Mf^cvrtts Ft«* »O0»t»Tl|S          »OUMOftOY tAVfO             t*fAT TAAwSFf« IMEONAt lOiTfOAAtf          COEFFICIENT* 

i • «»?•!«♦*! I* • • SWIM**) PfiU a ,af3*«f-At Mi •       ft« IITA a .HHH.9» CF  a •2f2f4C.ftt 
K • ,3>*t*t*M Tf  • •?m*c»ft* i^fn« • •3«HVftf«ftt 0« a        #, 1*    a •1ftiiOE*AS CM * •• 
v • ,*•»&«{**» T*  • .^?13AI*** «FIT» a •1»3AVE*AI 9U«0 •    Pt li    • ,|A|i2l*ftl «CTa a •lS%T4f««A 
OV/OI ■ .»«l*3E**ft Tfttf  • •%»3l*t***  ▼**fA a • 3n3X-t« tO»CE ■    *lT«ut*0 10    a .!3VrOE»ftS «^it • •|*?l?f*AT 

»*/$• » •ATMftf*«' P*l m ••ATf3E*AT ^AT.f  a ft. IT    a • 1ft30IE*»A »t*** > • f>*A«E^| 
uf • • 1*1»H*M •• • *3A?*Tf*ft1 11» a •AOt3ftE*0t HO* • •         H*** 
»t • »iHAftt »tl f-ri r • •0f3TTf*A2 OCl.  t  •    .WOtf«At 

tout*» »Af*f»TICS ft«M* »ftO»r»T|ES           »OyMOftAY LAVC*             MEAT  TftA*$fl» !*Tta*Al iMTEOAfttS          COEFFICIENT* 

1 • ,»»»3»C**l t» a • MTtM*H   PfLTA  a •A«4ftVf*0t  NO a        ft. itTA a •IAtAU*«0 CF • «?TJ2H-ftf 
It. • ♦*»*tS4>-l Tf  • ••TAOAf*M f*if* a • 3Mft«f*ftt *m •        A* IA    a «|ftStK«tS C«* a A. 
V  • ,%*t*4f♦•* tu • •VAMf*M OFlf« a • t*3»H-«t  W»«0 •    ft« li    » «tAt01f*ft1 ntn a ,l*.*7W«ftft 
OV/Oi • «»T»4%C**» TA« ■ «*»lMf*«ft I»»!A a • 3!3A%f»#t *««*« a    •3T«tA€*ft3 IA    a • 13TtH»AS H*t • • l*T->4f«ftf 

fkM/Ol   • •n«Atx*M »**f • •40ntf.ftT tA*,#  a ft. IT    • »|ft3fAE*AA HIN« a ,»*A#f*At 
»«*f   • • !*!!*€*** *• • ,1*»*4€*«t 11» • •AO? 1*4*02 HO* ■ • «iASA^F «A4 
•t   • •3TfOM«A) Hk 9 • ,0tAf4C*At OCl t •    «tVftOAf«A| 
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Co*.TrUP PooPFPTirs   *LtW (WH^TI*«    «OONOIRV LAYE« 
H€*T TRANSFER INTERNAL INTEGRALS 

X   a ,?WWF,*M M   ■ 

XL   ■ »1?fj^t»f •«! ?r     r 

Y   • .09l"fE*'^ • v   a 

OY/0»   ■ .?***.3E»*r 
.•)*/P> 

U£   ■ 
Pf  « 

rovrojp ppr«Pf »Tirs fin* 

x ■ .?'»36E»M * ■ 

XI    • ,V*3*F»M TF   ■ 
Y   s ,0<*)f 7£*pf» Tw ■ 
?Y/f5l   * .?ff333C*^r Taw   % 

p*/c» 
uf • 
PF  • 

CONT^vJO PPOP<r»Tir$ ►-im 

X   ■ ,?WHJ*M M   • 

*U   ■ .3?*37E*-* T*   » 

Y   * ,p«\hpf«or ♦W   • 

OY/Di   a .i)%#»?E«*o TAW   • 

CM/P» 

.3O?3F*01 PFl TA ■ 
t »*P<J\£ *«|4 PKi TB a 
,««??»$*'«** P*l Ta • 
,*;?"»35r«^fc THFTA » 
,***•*«£ *'0fl P*T   ■ 
,11311 OF »**':» H   • 
.3T5P9f*«3 0*1   F ■ 

.454lfE-0l 
,38Pf)frF-0S 
,123P?F-Ol 
,}?3fr5F-«2 
.4«7S<fF.C7 
.3R?S«F»01 
,*c4l*,F»C2 

HG  ■ 0. «T«   * 
0*   • fl. I*     • 
SUMO  «(it 15     ■ 
FORCE   "     .17M9E»f3 I*     • 
LAT.F  •   ". n    • 

UP  a 
DEL  I   •     .l7?flSE»01 

•?6Z*1E*00 CF • 
.10523E-05 CH • 
• lOlMF-OI «ETH 
.13T22F-OS afxt 
•1039*E»00 REPM 
.6G?l*E-«2 RED» 

COEFFICIENTS 

,27222E«02 

,1S5?3E*0A 
.lS7«3Ea07 
•23457E-01 
.snai£»o* 

tlOW   PRCPrPT^S PO'lNPftHY  LAYER MEAT   TRANSFER INTERNAL  INTEGRAL» COEFFICIENTS 

,3*72»F*0l "FlTA 
,??«B;<F*fta ftfl.Tä 
.«,733 H »0»   Dft.T* 

.SI "»*>>F*or   P-i+3   » 

,V>8fiF*03   OFl    F 

.4S4UE-01 

• 123R3F-M 
.3236*>C«02 
,4&751F«07 
.38?S9E»01 
.8!7S?E»0? 

MG •   ft.         «TA • .2*2MEa*0 
Q* b        r.                     I* ■ .lf»523E-05 
SUMO •   n.                 I*   • ai«iiJE-ei 
rOPCE   »     .17«19E»03   16     ■ .13721E«^5 
LAT.F  .0«                       »7     • .1«3Gf**«0 

UP  • .*«2lH-?2 
OEL   I  •     .l7o67Eal»! 

RETM ■ 
RE XL • 
BEPH • 
REO« ■ 

•27222E-Q2 

.1SS73E»0* 
•IS703E»07 
•23457E-51 
•S9SltE*0» 

•Lnw PROPERTIES PüONP^PY LAyE» MEAT  TRANSFER 1N*E»NAL   INTEGRALS COEFFICIENTS 

,3f7i>*E»"l PF» Tft 

»??R03F»r* nfi Trt 
.5?3!5t.'* f>rl t» 
,S?135F»"* J¥i »A 
,*«T0?E*Cr fMf   a 
♦ »Ml tf ♦"*• M   » 
,3YS§tf.'3 ;tL F 

,4S4ll€«0l 
,3*9't7F-CS 
.1??*3F-M 

,46?MF-97 

.81*05f^2 

HG •   r.        ZETA • 
Qa" «p. |A • 
5ÜMQ •  «. IS • 
FORCE *  •l7»l9E*ft3 I* • 
LAT.F «P. I* ■ 

IIP ■ 
PEL I •  .!69J1E*01 

,262*1E*«0  CF  • 
• HS23E-0S CH • 
• lMGIE.PI  RETN 
• I3721E-^ *t*i 
.10J»««00 HEPM 
•GG21AE-02 RED» 

.27222E-02 
0. 

.IS573E*<»A 
•JS703E-07 
.23*S#»E»«1 
•S9SI1E*«* 
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THROAT IUMUS COP««TC7ED ton DISPLACEMENT THICKNESS •   .mi94o?E»o# 

TAOLE Or NORMALIZED CONTOUR POINTS CORRECTED FOR DISPLACEMENT THICKNESS 

OATA POINT * v 

1 ..4A065S63E»Al 
2 • •37|2ft>33*E*ftl 
3 ••3*10!9?0F*0l 
* —31235l55E*0l 
5 -,?R2iA930F*0i 
6 -.PS337599E»0l 
7 -.223i7§AOE»pl 
8 ••19437*1*1»Al 
9 ••16407376E**! 

]« -.13»70?*F*01 
11 -.1*5§S93SE»Al 
12 -.7634702S*>0e 
13 •,46ft4A39AF*A9 
14 -,IT339366E*A0 
1% .1217P811F*00 
16 .4§S27223€*00 
17 ,9SA«PS59F;*00 
i« .AU3*1W«A0 
19 •ASAA9PA9E+A* 
20 .7»2719ATE*«0 
P| «lOtlS******* 
P? .K75f977ie»0d 
P3 •94169229£*00 
24 .1007A259E*A1 
PS .1I*740*3***M 
PA ,ll4A3l20F*Cl 
P7 ,|2A6T7|9F*M 
P9 ,1?739?J2E»M 
P9 .134A14«>0*»M 
1* ,14fl8flOASF«ftl 
31 ,14?*9966F*M 
*? ,lS444*46F*Al 
33 .1M199WM 
*4 ,|6A43Sl9r»M 
1« .1F9S914JMM 
16 ,lA?P4tS0F»ftl 
IT .19A34?10*»M 
3« ,l9RAP368r*M 
39 .2A99?62*M*\ 
4M ,?Ht1^6*E*M 
41 ,?22*?330F*M 
4? • >3lSl*Pl**M 
43 ,>4*99P3***<n 
44 ,?A43??8«r»M 
45 .>91T**»>?>'»M 
46 ,32»«72P»««Al 
4? .3Sl«43*U»flt 
4M ,3P?4fll*«F-sl 
49 ,4l6?6>4SfAl 
4n .4)92144*C»A1 
9{ • 463944Uf*M 
4? .49479«%9F*M 
93 •9!4?T66*F*M 
94 •«42444ASr*fll 
49 «4fT4ft66eF»M 
44 .4946*29TP»A| 

.32900§S0C»0t 
,3A09bl34E*0t 
.2A9034S2E401 
.249U49fE*0l 
.24923573C«01 
,22936*l*E*0l 
.2rt949276.*0t 
• U963l3SE*0l 
,1697717AE*0l 
.14991343E*01 
•13021613E*01 
,11%11502£*01 
.1«SSS79PE«01 
,1007S*S7E«01 
,1003S126E*01 
.lflS90903E«Ol 
.in764f93E*6l 
,1O94710SE»O1 
.UCT470SE*01 
• U4l5S)3E*Pl 
•1169ri2SE*ftl 
,U96994TE*Al 
• 122493S1E«M 
•12S26921E»«1 
,12BnS»S7C«Dl 
• 13Pt>5n79E*el 
•133t499«E*At 
•13646769EOAI 
•1392**2]E*Al 
.i4?UY4>r*Ai 
#l4499f24F»0l 

.1S07P9«9F»Al 

.'t$374?7»f«0l 
. 14,%f433H*ftl 

•I4r93ll!r*«l 
•lS»l4"9rE*0l 
,t*944i67E«0l 
,i729Ajorr*9i 
»lH*»iT«f»»l 
.l*'??P67E*9l 
.IP4|720PE*91 
,19*SA7S4r»Al 
.2"SAl»lPE«Ol 
.21T-273AI.81 
•23O*0?O*E«01 
•24?9Oft64E«0l 
•2969971PC«AI 
«26694TS1E«A| 
.2701240A:*01 
•291?7494|.ei 
•3A42)AS9F«0l 
.319^24131*01 
•3310«144C*OI 
•34B934T*r*Al 
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F*™** 

ST 
sa 
■19 
Aft 

*? 

A* 
Aft 
*7 
AS 
A9 
7o 
71 
7? 
73 
7* 
7S 
7* 
T7 
T» 
79 
AJ» 

Al 
A? 
«»3 
>* 
A», 
«A 
»»? 
a* 
AS 

.Ana*?97€»fti 
,A3AftS33?F»M 
,ASA7fl779F*0t 
.*8">i*34E»fll 
.7*A0«??2E*fll 
•729tl236F*01 
• 75-)9l9l6F*fll 
.--T8A4l*2F*8l 
.*«01*ft5E*M 
.»3ft??ft48F*e! 
,«5A39l9SF**l 
.BH?tA6S3E*ftl 
.9AA4<t3ft6E*8« 
,93|8A4A3f*M 
.9*7*98i9f*0l 
.9ftlP.AA«tr+0l 
.lfl?9|833F»Af 
.lft3*A7l7E*ft2 
.lftA|769A€*P2 
.:'»A9ft3»af*A? 
• 111MJUE*"? 
• pAttiwfl? 
.!,7?78A6F«** 
.U9942$8r»ft* 
.1??77A§0F*A? 
.l?5*7A«5F»ft2 
.1?*9At»3?F*A* 
.!?769l77F»0? 
.1?^>*61AE*A2 
.;?ft7?282F*f»3 
,1?A3?B1AF**? 

.1>*>V9i*F»A? 

.i?p'Ao*ec»e? 

3*8«3*8?E*0l 
35A19903C*«! 
3A3*4|f Af*8t 
370*3**^.01 
378989:?E*01 
387C?AA*E»01 
39SS9'tuAC*8t 
4ft43bA74C*0l 
»H31f ?7E»01 
A222??6lE*8t 
A3USA0?E«01 
A39ift^09E*Ol 
44719A7AE*C. 
45*e09*SC*Ot 
4A?17*7f£*el 
4ft9*?77cE*0l 
4766M?9£*©1 
4A3*81.7E»01 
49C7A36lE*el 
• 981lAA«»M 
*ft&37n»rE*0t 
S13C'4B7*C*0I 
S?06tir4(«8t 
*?7*3*OPE«0l 
S3*3S7?AE*8l 
?*?S9(k0>E»0l 
S*M*4lAE*0l 
%479?1*)C*8l 
S4877^2l£»ft| 
*4**«mE»0l 
%494^A?F«ei 
**9t?Q0AE*6t 
**9«9*?IC*81 
54»s%*^E»oi 
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SU*«ai»V OUTPUT FROM T*l MODUL? 

A/A« OCLT»   ISPfTBU 
?. «fitol .i*ft?e 
4.rA0P« ,484*3 
»•nooftn •6*A64 

lft.iifiooe •744Ai 
?fl«**O0ft 1.9*432 
3r.ft*0«<» 1«6641t 
3'.»3857 ).69l4« 
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MOTF 

5UMW*KY  OF   RES!JLTS  FROM  SPP  COMPUTER  PROG**" 

C*$C   TlTir      CXTFNOfD  OELTA   V«l,0*TlON  CASE 

••••   V»COU»4   PFHFORNäMCF   •••• 

VERSION 1.1 OftTED 31 J«N7S 

LOSS 
MfCMANlSM 

ETa 
f*LC 

IT»      ET*     ET*    METMOO 
FHPIP    INPUT  SELECTED SFLECTEO 

«TNFTIC 

cm* Err 
$H»MfR6 
?.fl 

l.*00« 
.9*7* 
,pft*1 

1 .«»oer 

.9930 
,9«5l 
.9T3S 
.9921 
.9?»? 

l.COKg 

l.ROflD 
l.Aoeo 

.9939 

.9478 

.9P43 

.9921 
l.GOflO 

P^r>OUCt  "F  FT*S .«329 .9212 I.«000 ,9t99 

TuRiüLE^T  HOUWiRV  L*YE»  I.05S  OFCREMFMTS 

»FT«00 

r»icm.*T'o 
F^IRICH 
rx»uT 
V»tuE  «EtFCTFO 

OELT* ispaw-«ie/tR«» 

l.T3*T 
ft.flOCC 

rT«oo 

OEUYERFH     Wuy* SPECIFIC   I*PUt$F   iktF-SEC/Lf«) 

'•«.CUtiTFf» 
»-•JRICU 
t^RUT 
wiiuC  <ri*fTEO 

*«7.Sft?« 
2A3.VAA 
31«.077* 
>«3.%%4' 

IS» OFCRFMfNr ruF »0 rvttAttTttc  10  AfcSHf*!  PPCSSU*E 

»VF.   »«RTFNT  Pt*Fw$yRf|P?I*i .**?* 
*VFf   C**i"*fR  PPFS$t>PF<P$U» »31  *VM 
• VF,   E*P»N*|nN   P*TjO >»"   *'*e 
M*f»A«<iF roEff. I.MM 

rFlTA  ISP   «LPf*«ECAR»«> ••*•* 

TSR OftlviHfO TO  T*E  A**a*r.t   »»Mr-T  par$*UOf   IF .f9?U P«I*  *S • ?P?*?2U liF»UC/tt* 
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THÄ05T . Tt«C HtSTO»V 

tiwc 
4,4« 

*,«4 
6.0* 
0,*« 

14.«4 
16.** 
1*,04 
?*,4* 
??.** 
?«.«* 
?4.n« 
?*,** 
)*.«* 
37.f* 
34,«" 
3*,0* 
39.0* 
4* ,6* 
4?,** 
• *,«* 
4'.,4« 
*4,60 
4«, 00 
5?.r4 

30»"* 
30. Of 
29. *\ 
2*. TO 
?9.6* 
29. «4 
29.4* 
29,31 
29.19 
29.IP 
29.9*. 
29.99 
29,** 
29.«? 
29.5r 
29,3« 
29,27 
29.14 
29,«« 
27.93 
2?.9J 
?7,72 
17.6? 
27.** 
77.6« 
?7.6« 
??.6« 

r-v4C 
13131. 
13«55. 
13776. 
139*». 
13*39. 
13*99. 
179*7. 
17904. 
13479. 
13499. 
13491. 
14166. 
14994. 
1*044. 
19771. 
1*45«. 
1«994. 
|4**4. 
14199. 
167*9. 
14340. 
14199. 
14*49. 
9*»J. 
1391. 
191, 
94. 

P6*4t r-orL 
39. 13794. 
39. 13914. 
39, 1374?, 
37, 1393', 
37, 134*1. 
39, 13*57. 
39. 1294*. 
44. 1294«. 
44. 13*35. 
41. 13454. 
«1. 13444. 
41. 141*54. 
«2. 1*51», 
42. 144?». 
42. 15224, 
42. U**». 
42. 159*4, 
42. 14*14. 
43. 101*4, 
43, U216. 
43. 103*3. 
43. 1*115. 
«3. 14*24. 
43. 5*34. 
43. 1344, 
43, 117. 
43. 1*. 

*Vt, t54»   742,94 I9r-*7C/Il« 

•99999999« ft«01 C«(Ct"ir.N TfMf ?H;$ C*S£ • 

I-V»C 
204.9t 
294.93 
294.94 
294.73 
294.59 
244,42 
294.21 
244.15 
294.11 
244,00 
243.90 
293.94 
243.77 
293,99 
293,4? 
203,54 
793.45 
243,35 
743.24 
293,1* 
243.P3 
292.91 
292.97 
279.91 
252.57 
?7o 91 
2?5.*A 

4Vf. *'00Ta 

tit-t 
.74 
.74 
.74 
.77 
.79 
.93 
.90 
.97 
,95 
.9* 
.99 
,93 
,91 
,94 
.79 
.74 
.75 
.75 
.7% 
,74 
.74 
.75 
.92 

2.37 
7.9« 

59,44 
191,9) 

1-0*1 
294.25 
26*.1» 
24*.1? 
293,96 
293.79 
293.59 
293.41 
293,29 
263,74 
293.14 
293,05 
293.00 
742.94 
292.99 
2»?,04 
292.7§ 
292.69 
292,6« 
242,5* 
262.39 
292.29 
292.16 
2*1.95 
274.54 
2*5.»2 
161.45 
43.44 

MOOT 
44,775 
47.57? 
46,369 
47.647 
47.22? 
44,441 
45.194 
49.399 
♦7,431 
«7.539 
44,??3 
49,677 
51.30? 
52.394 
53.943 
59.199 
56,*93 
56,641 
57,109 
57.4?3 
57,753 
57,113 
97,4*2 
16.219 
5.962 

• T?7 
• 237 

«OOT.INT 
0*06 

94,35 
190.29 
246.30 
361.IT 
474,40 
569.67 
696,26 
7*9,49 
944,05 
939,91 

1*37.71 
1139.69 
1242.39 
1346.43 
1457.67 
1569,9* 
1691.71 
1795,59 
19K.20 
2*29,37 
214«,24 
22**.95 
232*.TT 
23**,*9 
239«,7? 
2351.99 

0*0 
26919,2 
5*0T6.9 
613*9,1 

109290,1 
13*739.3 
164643,4 
184272.1 
212*67.7 
239*60.9 
266967.6 
29*?75.6 
32265?.* 
352192,6 
3672*3.6 
413*61,0 
44*543,4 
474*15,5 
5*6569,3 
5* i960, s' 
573*79.6 
6«S44?,9 
63**™,5 
6547*2.* 
663*46.6 
04*55*«' 
66^691.6 

45.2? L9M/UC 

1,160  (MINI »999999*96 
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Sample Case Number 2 

Input Listing 

arnn 

f .»4t«4, 
fr«4T«»#*ftf 
4<O9tl)«2t4v6,l0,?.<v*ft, 

Tw?«l4, 

7«l?i«   1,?*14A?*1,9t'»5*t»4<4,4t 

a«(»«l.*?l?9T4f1.4*V»Q,l,A*S446.7.?1><H1«?« 73741*6« 

Tr»jtlia4tVl«««%t, **4a»iß0., 

tf>D-.a 

ac#er4vrs 
H  i. * 4, Ct  lt*       0  *.f. .TC .^HOG.  $ *M.l5 

C «•>!•   « 1<U*Ö* *   *.™* .u mo«.    S 9M«lS 

%-v 

•*t»T« 
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sr-eriOMS 
fn * ft    ■       tr? 
n?        •   ct ♦ ci 
**"l «       "  •  CL 
•*■*? •     M • n? 
N"> « M    »    M 
N   •    ft*      • *4>f> 

ft* • ft  ♦  ft 

A« CL» CL • ALC».? 
At CL?*CL • *Lfu3 
Ai Cw» « » ALOCL 

•L  • N » *L* • 
H   •   At^   •   *U«?H   « 
0«   •   ALft   «   ALft?H   . 
ALft   ♦   H  a   AL>»   • 
EMft   TM»   PCA1 
e* *CLft * co? ♦ :i 
fft  • ft    • fO* 

ftn  ■  CO*  •  •* 
H»   «      fft   »M>ft 

ft    »  Cft 
Hft?S   Cl« 
W «CL 
H» • HCL 

Cft • 
Cft* • 
r**B 
CL  ♦ 
r«  ♦ 
fj  • 
Ct   • 
ri ft« 

ft ft» 
CL» • 
CL* ♦ 

ft* 
H 

ft 
M 

ft 
M^L   •   ftH«   *»ft 
*"*    *   ft      * H 

ftw   s 

*    B 

•4    ■ 

<L 
<L 

CL 
NCL 
CL* 

W9 • 

M* « 

ft* • 
ft* • 
A> ft 

A. ft 

A» »a 
I* 
A, ft 

A.Cw? 
At 

»<. 
A   ft 
A* ft 

A» rw 

* '. 
A r.j 
t. **" 
*» r^f 
A* ft 

• c» 
*  C-. 
A* ^.„? 
A   *„> 
A' Cw'i 

CO 
c 
CL 
ft»* 
*i.Cw 
* 

<L 
CL 
HCL? 

0 
<i 
*•* 
ft? 
A.fL? 
CL? 

ftw 

ft? 
ft* 
ft? 
«4 

1 

ft 
*? 
M 
CL 
CL 
ft* 

•4   *    4>ft 

*»    •    >» 
3 •  . >* 

A* 

A« 

A» 

Al 

• 

t 

* 

•   ft   • 
A 

A; 

A 

K*m 

■LA 
A.'L 

«Lfl- 
*.fL 
A.f   9 

•v.nfL 
»• ". 
*.*L 
V'. 
•.Al 
••.f'  » 

a4.AA*?; 
s».A*EH 
a?,«AE1» 
•i.«ono 
■?.«5E1* 

t A« 
» A« 
t   A« 

t.AEt* 

>,UI6 
l.ftfl*. 

»4.4CU 
«9.«r» 
«».•>rn 
«*.<rn 

«i.?M3. 
•»•*Mt« 

-«.»1! 
■3.«E14, 
•4.»n 
■i.ftrn. 
M.ft4ru 

«4.?4M? 

O?      »A 
ft» «A 
*L*CL«A 
w «A 

a    •• 
«Cl »A 
fw «A 
- «A 
ft «A 
*',ftCi.»A 
r. «A 
**» •* 
**».       »A 
r..      »A 
?* »A 
w »A 
- *« 
ft »* 
» riH» 
CL •# 
<k «A 

waft.     • 

fcs».    • 
ftiaft.ft    i 

»oriA   «MB 

• or 1«    «1MB 
MB    ft.S  • 
NB    ny« • 
km    n,% » 

*'B-.5    • 

waft.      • 
NB-,«.   • 
NBII,        • 
*••.* • 
•WB-.5    • 
NBft,        , 
►'••,*?• 
WB-.5    , 
»IB*.*    • 
WB«# 

^••.§    . 

MBft.ftO, 
►JBft.Ofl, 

►'aft.      a 

flBQ.Pftt 

i*«^ en.«MB. 
»i.p^rutMB 

•».1 rn«*«B 
!?.*Mtt%*?B 

.1^-^ •» • 

M 

Rl 
Au 

MB 
MS 

08 

ft. 
0. 
p. 
As 

AB 

??.fcft« 

• BB 
ft.« 
ft.ft 

•BB 0«ft 
ft.Ot FSTf-iATE 
ft.ftt CSTtMATE 
ft.ft« e$T?ti*TC 
ft.ft« CSTT^ATC 

AAULCN n«*«m.i 
SOLft«*ftNf \9l\) 
JACOBS   C10«.f) 

N9.16  »AULf«   I19<%9) 
Nft*3  9»0»«Art        M9?i>) 

N0«1 JONKSTON   M9*^J 

• 11 

• 3? 
• 41 

h«i.ft«. 
««is.. 
«*«H,H« 
«■Ht 
«■».4, 

»«.1     • 

H«3.«i4t 

sn.ft« 

«•4.P v 

»« «.Aft» 
M S.1A. 
AB7«,#ft. 

^•?6,4f. 

• t.ftvri ',*.»« 
■ l.AArUiV«« 
• l.ft«i:«»-r- 

tl.ftMIt«*»« 

..5 

..^ 
>.* 
».^ 
.<".% 
.ft.% 
^.? 
■ ft,* 

ft.4 

ft.% 
ft.«> 
*».% 

ft.^ 
ft.« 

« "* * 
.At 

.«« 

."« 

.■B 

,«• 
,J*« 

• ^» 
,r.« 

1.?1? 

?.A1> 
>.?4* 

?.A*A 
1.4 
>,«4^ 

J,«4A 

'».441 
1.4 
?.44A 
?.4«1 
».441 

^.?94 
?   «4* 
».4 
?.«»1 

fSTI-AtC 
ÄAIJLCN    M3*B.)L1 
AAIJLCN    (1044)L1 
TllNftE»   M447) 
BAUIC*   '1Q4A1L1 

E^Tl«Mf 

Mavre     fia*?) 
rSTl««ÄTE 
r^TT^ATF 
e^FBOv    <1047) 
IST1«*AT* 
Cmrofiv   (^9471 

ND.1Q   A©A«»AS       I 1 QTP > 
NO.?«   "AULC«      1)9*.«^ 

3A«»i,c*  ue**M.» 
^ft*?l    4Au»r<»       M^K) 
ND.l*  *fLw£S      t\*rt) 

??ft 

>?4 

>?9 

?■»> 
?^4 

?■»* 
?W 
»if 
P4» 
Hi 

?*4 

?44 
»4* 
?44 

?4« 
3*4 
111 
314 

OtOOfi IBW 
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»i.r»  ♦  P* «  4Lr*?  •  H   « 
At.*   •   Cl f>   ■   41,«?   •   f L 

4^   ♦ 

4^* 

4L** 
it 'W 
4C>* 

» -?    ■ 
» t#*    «3    « 

» **? • 1 ♦ 
* nw •  •* • 
ft ft* « o 

4L*?   •   *H   i 
-,   .    at*?n   , 

AtoO?M   , 
* At ♦»* 

A„"»»K    , 
* A| V* 

4^rt    •    »O    «    8 .flw    •    *    t 

4L* • "ft   »    lL**   •   ft   • 
A^rt ♦ 0*   »   i|.f>H   •   O    * 

4L« • *   «    At   *   *?    • 
4^** * *»«   »   4|.   ♦    'O*    • 
4t* • ft      "   *L   ♦    "**   • 
41" ♦ tu   "    4i*    ♦    "TU    • 

t*CT    Sir» 
T-TB^ AM)* afAi O*TF A4TI** 
4w« fw*i no 

l.on 

i.nn 

i • a* i 

won 
1.0*1 
t.p*l 
S.^Fl 

».AM 
«..nr* 

•».on 

l.*-A« 

<M« 

N« 

M« 

W« 
\» 
*<» 
W« 

M« 

*i« 

At« 

M« 

»t« 

*u« 

»W« 

Kl« 
hi« 

V» 

-0,* 
-O.S 
-o.s 
-0.% 
•o.s 
•o.s 
•o.s 
-o.s 
•o.s 
•o.s 
•fi,A 
-o.s 
-o.s 
-o.s 
-o.s 
•o.s 
-o.s 
•O.S 

p» 
A« 
A« 
9« 
A« 
A« 
A« 

A« 
A« 
A« 
A« 
9« 
P« 
ft« 
A« 
B» 
P« 
8» 

l.S1*S 
6. A*? 
*.At?S 
«.■HI 
S.A»AS 
A.ATflS 
f.ASA 
S.A^S 
*.*!#»* 

S.Tll 
S.A?«S 

*.?4 
J.74t 
3.T4« 
3.74# 

CST1N4T 
ESTIM4T 
FiTlMAt 
I5TIM4T 
FSTTMAT 
*ST|M4T 
fSTHAT 
f$M"4T 
f$T|*AT 
ESMM4T 
fSTT*4T 
CSTTMAT 
i*Tf«4T 
»STI-4T 
CSTT«4T 
CSTTM4T 
CSTI-iT 
CST!«4T 

O.S*A«4*l*AA, fStl-ATf 
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TMLf tin*-)** n*L'* ¥AL»*»MIC« rk%w 

Mr i« 

»4U»il»«f. 4.4,1«,??:. 1ft. 
VtVt»»4« 
T*r«f4. 
rM«ft«»l« 

•*>»«*■»• 
•«fa».1*1. 

4.«*1.*,,&44T 7, *.«,*?*:'*, V*.4»*>.f9.?*«,491» 

^44*».3.M11.*.*94$4.4»?4yt»1   *,^1?4*Hli 

«»a* t 
• «■Mf i l »■.4«.,e'»4.,n««t ,* . .1« 

trtrt 

Ct   !••       Ö *•* 
.1* 
.14 

.T*4»i«.   %  ?>4.*S 

«i««*Cj.f4»S 

p>«4f«>.i*. 

•om, 
•«f*f« 
4* ••*4Y»f . 
r*»f»f, 
«•»ni1»l«*«G»M»4«M«l«4. 

**  • f»    • f«> 
M • ft.  •  *t 
*»t • "•••', 
>«.i • <**<*» 

■•> i 

i rw»»n 
i rto« ■» 

»^  . •» • H*  • 
* . »^* • »I*** • 

(4 • *« • fft» •   . 
(*«  • •*» •    f*  •-*■ 

♦ « 

«V 
ft» 

• •».»Mt 
««*,«*r»t, 

«•>,•"" • ». 
, »»4. 
• 44% 

«,«il4 . 
».in* 
4,*»t* . 

*••♦       • 

* « i.**. 

•■%•»      •**• 
»H*      .»■• 
*ri#» • ♦■• 
»,» ".^ • 
«i»    *»•*  • 
%*•    • ••  . 
«*•    A «4  » 

,  ••».»II     .    *■•••* 

,    Iti.Mll    .      *••♦ 

4*»,4. 
«•»4.446t 

*•**.;  t 

«**    *.*•** 

*.* .». 
e. * t r • 
t.% .«*• 
<*• *,e» 
*• %«• 
»• «.4« 

■• *.«• 

4M.*** 

rtf * 
««ft 

-4f« 

«•ill 

H6 .v r„   ti«4*tLt 

«**4*, !»%•! 
*       %      r*   ft449| 

II 
1» 
41 

(«.ft 4« ff 
4«IH C»    M**4lt,t 
<*'Ht-    lt*4«H» 
U4'!t   M1»»^! 

S-7? 

J 



*,   •  -o?»  ft.'»  •  ft«  •  *•*,»!I 
in?. 

ri • «•» 
<•, • -»■» 

r. *>•  ••    •  ^Ct 

CL» ♦ -   » *CL 

«#»L • «»«• 1»« 
*•»    *     "»        S M 

*■»•*»•#■ 
V«   •   ».ft   • 

n-  ■ 

•  ft? 

ft« 

•i ft 

ft. ft 
4« »** 
*• 
*> * 

i> * 
«. ft 

n       > 

• CO 
• ft 

• CU 
• ft* 

•tew 

• <L 
♦ c. 
• »wc.» 
• fv* 
* c*» 

<*  • 

ft« 

■«»ft 

>  n» 

I 
•I ft, 

•_»ft 

»■«.»11 

»•«.Ml 

««.Mi 
OI.M11, 
4*9.ft*".! 
»»*.l9f |) 
»•l.*U 
»■«.»Ml? 

♦ rft»   t* 
» *»     •• 
• ».-*.•» 
• M 
• Pi 

•    *•. 
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Appendix A -   Control Card Set Ups 

Control card set ups for two typical cases are shown for both CDC 6000 
(SC0PE 3.3) and Univac 1100 (EXEC 8) selres computers and operating systems. 
In both cases absolute versions of the SPP code and the thermodynamlc data files 
are assumed to be on permanent mass storage data files. 

The first case considered is when one or more of the computational modules 
are executed and the linkage data is written (punched) out for subsequent runs. 

The second case considered is when linkage data from the first case Is 
used In executing subsequent modules for the same motor. 

The bracket symbol (j) Is used to explain or comment on the function of 
the control cards.   Since the first, and most likely the second, control card of 
each set varies from Installation to installation even for the same computer and 
operating system.   The accounting information control card is left off from each 
set and the job specification control card (normally the second control card In 
the set and the first shown here) should be checked for consistancy at each In- 
stallation. 

CASE I:  CDC 6000 Series Computers 

J0B, CM1000G, CL126000, 1700*, 101000. 
ATTACH, SPP, SPPABS.      j gel GPP absolute 
ATTACK, TAPE 25, SPPTHERMO       j equate thenuo <*jta to logical unit 25 
RFL, 126000.       jrequest core to execute SPP program 
SPP.      [execute the SPP program 
7/8/9 

program aata 
6/7/6/9 end of file 

CASE I:   Univac 1100 Series Computer. 
@ASG,AX    SPP.      J assign progrnr Me 
f*ASG,AX    SPPTHERM0.*      | asel.-M thermo datr 
@USE 25.,    SPPTHERM0.*     | equate logical unit 25 to thermo data 
@ASG# U   LINOATA., F     J assign a file for the linkage data 
@USE    8., UHCDATA,      | equate logical unit 8 to the linkage Jata file 
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@XQT   SPP.SPP     I execute the absolute element SPP from the SPP file 
program data 

@FIN 
@@    I remote job entry end of file 

CASE II:  CDC 6000 Series Computers 

J0B, CM10000,CL126000,T700*, 101000. 
ATTACH, SPP ,fPPABS. 
ATTACH, TAPERS, SPPTHERM0. 
C0PYBR,INPUT,TAPE3.      J copies previously generated linkage data to TAPE3. 
REWIND(TAPE3) 
RFL,126000. 

SPP. 

7/8/9 

linkage data from Case I 
7/8/9 

program data 
6/7/8/9 

CASE II:  Univac 1100 Series Computers 
@ASG,AX SPP. 

@ASG,AX SPPTHERM0/ 

@USE 25.,SPPTHERM0.+ 

@ASG,AX LINKDATA.** 

@USE 3., UNKDATA.** 

@ASG,U 

@USE 

UNKDATA2.,F 

P.#LINKDATA2. 

assign and equate further linkage 
data to unit 8 

@XQT SPP,SPP 

program data 

@FIN 

@@ 

NOTES: 
*  CPU time limit depends on modules to be executed. 
+ Only needed If the 0DE and/or 0DK modules are to be executed. 

** If this data has been punched, the following control cards can be used: 
@ASG,T   3,,F4 
©DATA, I    3. 

linkage data from Case I 
@END 
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